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ABSTRACT
Polycyclic aromatic sulfur heterocycles (PASHs) are sulfur analogues of polycyclic aromatic
hydrocarbons (PAHs) commonly found in environmental samples exposed to oil contamination.
The determination of PASHs in complex samples is far more difficult than PAHs because of the
sulfur atom in the heterocyclic ring, which increases the total number of possible isomeric
compounds. Since their toxicological properties vary considerably from isomer to isomer, the
unambiguous determination of specific isomers in environmental samples is crucial for
ecotoxicological purposes and human safety.
GC-MS has been the primary analytical technique for the determination of PASHs in
environmental samples. Unfortunately, as the number of aromatic rings increases, the increasing
number of possible isomers with similar retention times and nearly identical mass fragmentation
patterns makes separation and identification difficult. Recent developments in our group have
shown that the analysis of PASHs in complex environmental extracts is best accomplished with
sample fractionation via normal phase liquid chromatography (NPLC) and subsequent analysis
of NPLC fractions via GC-MS. Specific PASHs are then identified on the bases of NPLC
retention times, GC retention times and mass spectra.
The first part of this dissertation investigates the analytical potential of low-temperature
photoluminescence spectroscopy for the analysis of phenanthrothiophenes with molecular mass –
234 Da in NPLC fractions. Excitation and emission spectra recorded from n-alkane solutions at
77K and 4.2K showed strong phosphorescence from all the studied isomers at cryogenic
temperatures. The analytical figures of merit obtained under steady state (fluorescence) and timeresolved (phosphorescence) conditions provided limits of detection at the parts-per-billion (ng
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mL−1) concentration levels. Processing 77K and 4.2K phosphorescence data with parallel factor
analysis showed to be a robust approach that requires no further separation of NPLC fractions.
The second part of this dissertation studies the adsorption of PASHs on microplastics
(MPs); i.e., plastic particulates with dimensions ranging from 0.1 to 5000 μm. Once released into
aquatic environments, PASHs have the potential to bioaccumulate and cause toxic effects in
aquatic organisms. Since MPs can be accidently ingested by biota, the adsorption of PASHs on
the surface of MPs might be a credible route by which PASHs enter the marine food web. To the
extent of our literature search, there are no reports on the interaction of PASHs with MPs.
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CHAPTER 1
1.1

INTRODUCTION

Polycyclic Aromatic Sulfur Heterocycles
Polycyclic aromatic sulfur heterocycles (PASHs) consist of a complex class of condensed

multi-ring aromatic compounds containing a sulfur atom in one of their aromatic rings. The
sulfur atom is present in a five membered aromatic ring, which is known as thiophene. PASHs
are the sulfur analogues of polycyclic aromatic hydrocarbons (PAHs) because they can be
derived from PAHs by replacing one of the aromatic rings with thiophene ring.
Based on the number of aromatic rings, PASHs are divided into different isomeric
groups; three ring PASHs (molecular mass (MM) = 184 Da), four ring PASHs (MM = 234 Da),
five ring PASHs (MM = 258 and 284 Da), six ring PASHs (MM = 334 Da) and seven ring
PASHs (MM = 384 Da) 1. Due to the presence of sulfur atom in the heterocyclic ring, PASHs
have large number of the total possible isomeric compounds within the same molecular mass,
e.g. five ring PASHs with MM = 284 Da have 20 possible isomers 1. Three and seven rings
PASHs have 4 isomers, while four ring PASHs comprise of 12 possible isomers 1. An example
of the molecular structures for each of the isomeric groups is presented in Figure 1.1.

1

Figure 1.1 Molecular structures of PASHs ranging from three rings up to seven rings.
PASHs originate from numerous natural and anthropogenic combustion processes. They
have been found in a variety of environmental samples, including air particulate matter
sediments 4, coal liquids 5, crude oils

6-10

and asphalt samples

11

2,3

,

. Once released in the

environment, PASHs are more persistent than PAHs and unlike most PAHs they have potential
to bioaccumulate

12,13

. Only a few PASHs are commercially available in the form of pure

standards. Due to lack of commercial availability and their difficulty to analyze them in complex
environmental extracts, there is not much research published on these compounds.

2

Although there are numerous possible PASHs present in the environment with mutagenic and
carcinogenic properties 14, only a few representatives are included in the priority pollutants lists
of the European Union 15, the National Oceanic and Atmospheric Administration (NOAA) 16 and
the US Environmental Protection Agency (EPA)
(dibenzothiophene;

4-methyldibenzothiophene;

17

. These include three-ring PASHs

4,6-dimethyldibenzothiophene;

2,4,6-

trimethyldibenzothiophene; and 1,2,3,4-tetramethyldibenzothiophene) and four-ring PASHs
(benzo[b] naphtho[1,2-b]thiophene; benzo[b]naphtho[2,1-b]thiophene; and benzo[b]naphtho[2,3b]thiophene. The molecular structures of these PASHs are shown in Figures 1.2 and 1.3.

3

Figure 1.2 PASHs included in the European Union priority pollutants list.

4

Figure 1.3 PASHs included in the National Oceanic and Atmospheric Administration priority pollutants list.

5

1.2

Environmental Analysis of PASHs
Analysis of PASHs in environmental samples is currently based on high-performance

liquid chromatography (HPLC) coupled to ultraviolet – visible (UV–VIS) absorption detection
and gas chromatography with mass spectrometry detection (GC-MS)

10, 18-21

. Both approaches

have two major challenges; difficult chromatographic separations and the lack of specificity of
their detection schemes to differentiate among co-eluting isomers.
In collaboration with the National Institute of Standards and Technology (NIST), recent
developments in our group have shown that the analysis of PASHs in complex environmental
extracts is best accomplished with the combination of HPLC and GC. Wilson and co-workers
22,23

showed that the unambiguous determination of PASHs and their alkyl derivatives (alkyl-

PASHs) in standard reference materials (SRM 1597a (coal tar extract), SRM 1991 (coal
tar/petroleum extract) and SRM 1597a (diesel particulate extract)) required sample fractionation
via normal phase (NP) LC and subsequent analysis of NPLC fractions via GC-MS. Specific
PASHs were then identified on the bases of NPLC retention times, GC retention times and mass
spectra. According to our literature search, these studies represent the most comprehensive
analysis of PASHs and alkyl-PASHs to date.
1.3

Micro-plastics in Aquatic Ecosystem
The irresponsible handling of plastic waste has led to the accumulation of plastic debris

in the aquatic and terrestrial environments 24,25. Due to natural environmental phenomena such as
mechanical friction

26

, ultraviolet light exposure

27,28

, and/or microbiological activity

29-31

, the

breakdown of plastic debris in the aquatic ecosystem has led to the ubiquitous presence of microplastics (MPs); i.e., plastic particulates with dimensions ranging from 0.1 to 5000 μm

6

32

.

Depending on the chemical nature of the parent plastic and the extent of its environmental
degradation, the main constituents of MPs often consist of synthetic organic polymers such as
polystyrene (PS), polyethylene, polyvinyl chloride, polyamide, polypropylene, etc.
Although the chemical composition of MPs often resembles the one from the parent
plastic debris, their presence in the aquatic ecosystem poses additional harmful concerns. Due to
their micro-dimensions, MPs can be accidentally ingested by aquatic organisms

33

. In

comparison to their parent debris, the larger surface area of MPs provides them with an enhanced
ability to adsorb toxic chemicals often present in the aquatic ecosystem
polycyclic aromatic hydrocarbons

35,36,24

, polychlorinated biphenyls

25,37

34

. These include

, pesticides

29,30

,

pharmaceuticals and personal care products 31,27,28, and heavy metals 26,32.
Once released into aquatic environments, PASHs have the potential to bioaccumulate and
cause toxic effects in aquatic organisms

38

. Since micro-particles can be accidently ingested by

biota, the adsorption of PASHs on the surface of MPs might be a credible route by which PASHs
enter the marine food web. Herein, we investigate the sorption and desorption of PASHs onto the
surface of MPs.
1.4

Research Objectives of this Dissertation
To explore the potential of photoluminescence spectroscopy to facilitate the analysis of

PASHs in environmental samples with the following aims: Improve the specificity of HPLC
fluorescence detection; Improve the limits of detection; Achieve accurate analysis of structural
isomers with the same molecular weight with minimum separation steps; Reduce analysis time
and analysis cost.
To investigate the sorption kinetics, sorption partition coefficients and desorption
behavior of PASHs on two nylon plastics (nylon 11 and nylon 6-12) and PS. Nylon plastics are
7

main components of fishing gear. Fishing industry attributes to 18% of the marine plastic waste
36

. PS has been widely studied for the sorption of a variety of aquatic pollutants

39

and it is used

here to compare its sorption behavior with nylons plastic sorption behaviors. To the extent of our
literature search, there are no reports on the interaction of PASHs with MPs.
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CHAPTER 2
2.1

PHOTOLUMINESCENCE SPECTROSCOPY

Principles of Photoluminescence Spectroscopy
Photoluminescence is a phenomenon in which a sample absorbs photons from an external

radiation source and after the excitation of electrons; photons are emitted at somewhat lower
energy which provides information about the sample. Photoluminescence spectroscopy uses
fluorescence and phosphorescence phenomena for the analysis of organic compounds in different
areas of research, which include environmental, forensic, clinical, and pharmaceutical chemistry.
The diagram in Figure 2.1 illustrates the energy processes involved with the emission of
inherent fluorescence and phosphorescence from organic molecules. At room temperature most
of the molecules are in the lowest vibrational level of the singlet ground state (S0). Through the
absorption of a photon with appropriate energy, a molecule is excited from (S0) to a certain
vibrational level (v = 0, 1, 2 …), of the first singlet excited state (S1) or to a vibrational level of
singlet excited state of higher energy (S2, S3, etc.). The absorption of a photon is a relatively fast
process that occurs in approximately 10-15 s. After excitation, the molecule relaxes to the lowest
vibrational level (v = 0) of (S1) either by vibrational relaxation (VR) or by combination of VR
and internal conversion (IC). Both processes (VR and IC) are radiationless deactivation
mechanisms, which transfer energy to the surrounding medium. By VR, the transferred energy
goes into vibrational or thermal motion of solvent molecules. This process typically takes 10 -14 –
10-11 s. IC involves the transition between two states of the same multiplicity, i.e., singlet to
singlet (Sn to Sn-1) or triplet to triplet (Tn to Tn-1). It happens when the lowest vibrational level of
the higher electronic state overlaps with the highest vibrational level of the lower electronic state.
IC results in the conversion of excess electronic energy in to excess vibrational energy. After IC,
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the excess vibrational energy is dissipated to the ground vibrational level of lower excited state
(S1) by VR.

Figure 2.1 Jablonski diagram. a, absorption; b, vibrational relaxation; c, internal conversion; d,
fluorescence; e, external conversion; f, intersystem crossing; g, phosphorescence 40.
Once the molecule reaches the lowest vibrational level of (S1), it has two possible ways to
further deactivation to (S0). One possible way is IC without the emission of radiation. The other
possibility is to emit a fluorescence photon. This process occurs within 10-9 to 10-6 s and it is the
basis of all the fluorescence techniques in analytical chemistry. If an analyst can experimentally
restrict the processes that compete with fluorescence emission for the deactivation of S 1, the
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fluorescence intensity enhancement that is usually observed leads to an analytical method with
better limits of quantitation.
Another possibility for a molecule to return to S0 from S1 involves intersystem crossing
(ISC). ISC is a radiationless transition that occurs between states of different multiplicity (singlet
to triplet). Since ISC involves a change in the spin of the excited electron, its probability to occur
is lower than a singlet-to-singlet transition. The presence of heavy atoms promotes ISC, either as
an internal or an external heavy atom effect. The internal effect occurs when the heavy atom is
present in the molecular structure of the fluorophore. The external effect occurs when heavy
atom is added to the chemical environment. In both cases, the presence of the heavy atom favors
spin-orbit coupling, which leads to an enhanced mixing of singlet and triplet states manifolds.
After reaching the lowest vibrational level of the first triplet excited state (T1), the
molecule can return to S0 with the emission of phosphorescence. Due to the ISC, the emission of
phosphorescence emission has a longer lifetime (10-3 – 10 s) than fluorescence. Since the energy
gap between T1 and S0 is smaller than between S1 and S0, the emission of phosphorescence
occurs at longer wavelengths than fluorescence. Analytical applications of the phosphorescence
phenomenon require the rigorous control of external conversion, a radiationless process that
competes with phosphorescence for the deactivation of T1. EC is the equivalent to IC, but it
involves electronic states of different multiplicity. Like IC, EC occurs when the potential energy
curves of two electronic states cross such as the lower vibrational levels of the higher electronic
state are approximately the same energy as higher vibrational levels of the lower electronic state.
After EC, the excess vibrational energy is rapidly dissipated through vibrational relaxation to the
ground vibrational level of the lower electronic state.
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Photoluminescence phenomena are rarely observed from excitation below 250 nm.
Energies of wavelengths 250 nm or below are enough to cause deactivation of the excited state
due predissociation or dissociation. Therefore, photoluminescence due to * →  is seldom
observed. Instead, photoluminescence results from less energetic transitions, i.e., * → and *
→ n processes. As such, organic molecules with extensive  electron systems are usually strong

photoluminescence emitters. These compounds include a large variety of aromatic molecules
either with or without hetero atoms in their conjugated systems 41-44. For specific case of PASHs,
ISC between S1 and T1 is favored due to the presence of the sulfur atom with nonbonding
electrons in their aromatic rings. Therefore, under appropriate experimental conditions, PASHs
can emit both fluorescence and phosphorescence for analytical purposes.
2.1.1 Fluorescence and Phosphorescence Quantum yields
The intensities of fluorescence and phosphorescence emission are best described by the
fluorescence quantum yield (F) and phosphorescence quantum yield (P). These experimental
parameters are also known as quantum efficiencies of fluorescence and phosphorescence and
express the fractions of absorbed photons that are emitted as fluorescence and phosphorescence
photons, respectively.
The intensities of fluorescence or phosphorescence depend on the relative values of the
rate constants of radiative and nonradiative paths of deactivation of excited state molecules.
Figure 2.2 provides an energy diagram with the radiative and non-radiative constants involved in
the emission of fluorescence and phosphorescence.
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Figure 2.2 Jablonski diagram in term of rate constants (k = photons. s-1) for radiative and nonradiative processes involved in the emission of fluorescence and phosphorescence: k F =
fluorescence; kISC = intersystem crossing; kIC = internal conversion; kEC = external
conversion; kP = phosphorescence.

According to the diagram in Figure 2.2, the fluorescence quantum yield can be
represented as follows:
F = kF / kF + kSNR

(1)

Where kF is the first order rate constant for fluorescence and kSNR is the sum of the rate
constants of all the processes that deactivate S1 without the emission of radiation. Fluorescence
intensities with analytical use are usually observed when kF ≥ kSNR. kSNR can be expressed as:
kSNR = kEC + kIC + kISC
13

(2)

where kEC, kIC and kISC are the first order rate constants for external conversion, internal
conversion, and intersystem crossing. The magnitude of these deactivation constants is
dependent on the molecular structure of the fluorophore and its chemical environment. For
organic compounds, kIC typically varies from 105 to 107 photons.s-1 (or s-1, for short) at room
temperature. Compounds having rigid and fused ring structures, such as PAHs and PASHs
exhibit fluorescence intensities high enough to provide limits of quantitation at parts per trillion
(pg.mL-1) to parts per billion (ng.mL-1) concentration levels.
The phosphorescence quantum yield can be expressed as follows:
P = (kISC / kF + kIC + kEC) (kP / kP + kTNR)

(3)

where kISC is the rate constant for the intersystem crossing, kP is the rate constant of
phosphorescence and kTNR is the sum of the rate constants that contribute to the radiationless
deactivation of T1.
Equation 3 can be divided in two terms, the fraction of absorbed photons that populate
the triplet state by ISC (kISC / kF + kIC + kE) and the fraction of photons responsible for the
deactivation of T1 with the emission of radiation (kP / kP + kTNR). The ratio kISC / kF + kIC + kE is
also known as the quantum efficiency of triplet formation (ISC). In aromatic compounds
containing heavy atoms such as sulfur, spin-orbital coupling is favored and kISC is typically 109
to 1010 photons.s-1. However, an efficient intersystem crossing process does not always lead to
the emission of phosphorescence. If kTNR > kP then phosphorescence is not usually observed. The
non-radiative decay of T1 involves EC from T1 to S0 and inverse intersystem crossing (ISC-1)
from T1 to S0. As such, kTNR can be expresses as:
kTNR= kEC + kISC-1
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(4)

In most cases kEC >> kISC, so to observe phosphorescence, kEC must be significantly reduced by
increasing the analyte rigidity in the matrix of analysis. At room temperature, this is usually
accomplished with the aid of solid substrates that restrict the vibrational relaxation of T1 and/or
the collisional deactivation of excited molecules. A similar effect is obtained by freezing
phosphor molecules at low sample temperatures, usually 77 K or below.
When dealing with the long-lived excited states of phosphorescence, the analyst needs to
consider the strong possibility of dynamic quenching due to the presence of paramagnetic
species in the matrix of analysis.

As a diffusion-controlled process, the rate of dynamic

quenching, which is also known as collisional quenching, depends on the viscosity and the
temperature of the analytical matrix. In the presence of a single quencher (Q), k EC can be
expressed as follows:
kEC = kq[Q]

(5)

Where kq is the second order rate constant (L mol-1 s-1) of the collisional reaction between the
phosphor and Q. One of the main quenchers of phosphorescence emission is oxygen. To avoid
its quenching effect, the analyst should work with degassed samples under a gentle flow nitrogen
gas. Since the lifetimes of fluorescence are much shorter than those of phosphorescence,
collisional deactivation of S1 due to the presence of oxygen in the analytical matrix is not a major
concern 40.
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2.1.2 Lifetimes of Fluorescence and Phosphorescence
After exposing the sample to a short excitation pulse, the intensity of fluorescence or
phosphorescence decays exponentially with time. Both, the fluorescence lifetime, and the
phosphorescence lifetime are defined as the time that is required for the emission intensity to
decrease to 1/e of its original intensity 41,44. If the intensity of fluorescence or phosphorescence at
t = 0 is I0 and IL(t) is the intensity of emission at any time t during the exponential decay, the
lifetime of the emission (L) is given by:
IL(t) = I0 exp(-t/L)

(6)

where L denotes either fluorescence or phosphorescence. The observed lifetimes of fluorescence
(F) and phosphorescence (P) are related to the rate constants of deactivation of the S1 and T1 as
follows:
F = 1/ kF + kSNR

(7)

P = 1 / kP + kTNR

(8)

The natural lifetime of fluorophore (F0) or a phosphor (P0) is the lifetime of its decay in the
absence of non-radiative processes. As such, natural lifetimes are always longer than the
observed lifetimes and can be expressed as F0 = 1/kF and P0 = 1/kP. While the natural lifetimes
are intrinsic parameters of fluorophores and phosphors, the observed lifetimes depend on the set
of experimental parameters used for their determination. These include temperature, solvent,
physical state of the sample, and environment of the analyte.
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2.1.3 Relationship between Intensity of Luminescence and Analyte Concentration
For perfectly transparent and optically homogeneous solutions like those which are
frequently analyzed in photoluminescence spectroscopy, the intensity (IL) of photoluminescence
(fluorescence or phosphorescence) is related to the intensity of the excitation light (I) by the
following equation 41,44:
IL = L(I0 – IT)
(9)
where IT is the intensity of the transmitted light. For transparent media, IT can be obtained from
the Lambert Law, which is given by:
IT/I0 = 10-bc

(10)

Where  the molar absorptivity (mol-1.L.cm-1) b is the optical path or thickness of the sample
(cm) and c is the concentration of analyte (mol.L-1). The above equation can be re-written as:
IL = I0 L (1-10-bc)

(11)

This expression can be expanded in a Taylor series to yield:
IL = L I0 [2.303ɛbc -

(2.303ɛ𝑏𝑐 )2
2!

+

(2.303ɛ𝑏𝑐 )3
3!

− ⋯]

(12)

For very dilute solutions, ɛbc <<1 and all the terms except the first one in the bracket become
negligible. So, the resultant equation is:
IL = 2.303L I0ɛbc

(13)

This equation, which shows the direct proportionality between the intensity of luminescence (IL)
and the concentration of analyte, is the basis for the quantitative applications of
photoluminescence spectroscopy in analytical chemistry.
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2.2

Shpol’skii Spectroscopy
Fluorescence and phosphorescence techniques have unique potential for the analysis of

compounds in environmental matrices. Room-temperature fluorescence (RTF) is the most
popular approach because of its simplicity of experimental procedure. It is readily observed from
liquid solutions without de-oxygenation. Room-temperature phosphorescence (RTP) approaches
require the use of micelle stabilized solutions 45 and solid substrates 46 to minimize radiationless
deactivation of T1. In both cases, the presence of heavy atoms in the environment of the
phosphor is recommended to achieve low detection limits 47.
The inherent limitation of RTF and RTP techniques towards the selectivity of analysis is
the broadness of excitation and luminescence (fluorescence and phosphorescence) spectra. The
strong overlapping that results from such diffuse spectra, limits the selective potential of
photoluminescence for the analysis of targeted compounds in complex matrices. The nature of
broad band spectra is well known. In condensed phase, spectral line-width of fluorophores and
phosphors is determined by inhomogeneous and homogeneous band broadening effects.
Inhomogeneous band broadening results from the exposure of analyte molecules to
different microenvironments within the same matrix. Differences in microenvironments lead to a
Gaussian distribution of electronic transition energies, and therefore, to band broadening. The
other type of broadening is known as homogeneous, and it affects all the analyte molecules to the
same extent. Homogeneous broadening arises from electron-phonon coupling and from the
limited lifetimes of the states involved in the electronic transition. Due to the uncertainty
principle 48, the shorter the lifetime of the transition, the broader the spectral line will be. In an
ideal situation, i.e., when all solute molecules experience the same microenvironments, such as
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in a perfect crystalline matrix, the only remaining source of band broadening (apart from
instrumental contributions) will be homogeneous band broadening 48.
Under this prospective, the key to spectral narrowing is to reduce inhomogeneous band
broadening. A well-known approach to reduce inhomogeneous broadening is Shpol’skii
spectroscopy. The Shpol’skii phenomenon was first observed in 1952 from polycyclic aromatic
hydrocarbons (PAHs) frozen in n-alkane solvents

49

. To observe quasi-line spectra under

Shpol’skii conditions, the analyst needs to experimentally achieve the following conditions: (1)
the solvent host freezes to form a polycrystalline matrix, (2) the interactions between analyte and
solvent molecules are weak, and (3) the dimensions of the analyte (guest) and solvent (host)
match well enough to provide a reduced number of crystallographic sites (analyte orientations) in
the crystallographic matrix

50

. When Shpol’skii experiments are carried out at liquid nitrogen

temperatures (77 K) or below, it is possible to observe vibrational resolution in excitation and
emission spectra with unique information for compound identification.
Most of the analytical work involving Shpol'skii spectroscopy has been focused on
fluorescence data. Extensive fluorescence spectral atlases have been compiled so that reference
spectra of a wide range of PAHs are available for qualitative analysis. In cases of strong
fluorescence spectral overlapping, time-resolved measurements with fixed time delays have
shown to improve the selectivity of the technique. However, information on fluorescence
lifetimes of PAHs is still scarce and incomplete. Similarly, phosphorescence spectra and lifetime
information are practically inexistent. This dissertation unfolds the full potential of Shpol’skii
spectroscopy for the analysis of PASHs in complex environmental extracts. Excitation-emission
matrices (EEMs) including both fluorescence and phosphorescence data are recorded at 77 K and
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4.2 K for the analysis co-eluting PASHs in complex HPLC fractions with numerous fluorescence
concomitants.
2.3

Parallel Factor Analysis (PARAFAC)
PARAFAC is a decomposition algorithm applicable to process multi-dimensional data

that are arranged in three or higher order arrays 51. An example of a three-way array is an EEM.
An EEM is a collection of emission spectra recorded at different excitation wavelengths. The
three dimensions of this data format include the number of samples, excitation wavelengths and
emission wavelengths. In our case, a distinct advantage of processing EEMs with PARAFAC is
the ability to identify the instrumental response of targeted PASHs in the presence of numerous
overlapping signals without the need for further chromatographic separation.
The decomposition of an EEM by PARAFAC is illustrated in Figure 2.3. According to
the following equation, PARAFAC decomposes an EEM into a set of trilinear terms and a
residual array 52
xijk =

𝐹
𝑓=1 a if

bjf ckf + eijk

(14)

Where xijk is an element (or data point) of the EEM that corresponds to ith sample at the jth
emission wavelength and the kth excitation wavelength. Each f corresponds to a PARAFAC
component and F is the total number of components. aif is the score of component f in sample i,
bjf and ckf are the loading elements in the excitation and emission dimensions, respectively. The
eijk term represents the residual that is not fitted by the model.
The model described by Eq. (14) decomposes the three way data array X into excitation
(B) and emission (C) spectral profiles and relative concentrations or scores (A) of individual
components in (I+1) samples. These relative concentrations or calibration scores allows the
construction of pseudo-univariate calibration plot by regressing them vs. the nominal
20

concentrations of analyte in standards. This pseudo-univariate calibration plot predicts the
concentration of analyte in unknown sample by interpolation of unknown sample score.

Figure 2.3 Decomposition of EEM into five PARAFAC components 52.
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CHAPTER 3

INSTRUMENTATION

The three main instruments used to perform the experiments discussed in this dissertation
were an ultraviolet-visible (UV-VIS) absorption spectrometer, a commercial spectrofluorometer
and a high-performance liquid chromatography (HPLC) system coupled to a single-channel
fluorescence detector. A brief description of each instrument is provided in the following
sections of this chapter. In addition, a fiber optic probe for cryogenic measurements with
commercial spectrofluorometers is presented that improved the signal to noise ratio of
photoluminescence experiments at liquid nitrogen (77 K) and liquid helium (4.2 K) temperatures.
3.1

UV-VIS Absorption Spectroscopy
UV-VIS absorption measurements were made with the aid of a single beam

spectrophotometer (model Cary 50, Varian) equipped with a 75W pulsed xenon lamp emitting
broadband radiation from 190 nm to 1100 nm. Wavelength selection and spectra collection was
accomplished with a dual beam, Czerny-Turner monochromator with a 1.5 nm spectral
bandwidth. Radiation intensities were detected with two Si photodiode detectors, one of which
was used to record the reference signal from the excitation source. Although the maximum
scanning rate of the instrument is 24,000 nm.min-1, all the absorption spectra presented in these
studies were recorded with a 600 nm.min-1 scanning speed. This scanning speed provided
spectral resolution appropriate for the purposes of our studies.
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3.2

Photoluminescence Spectroscopy
Excitation, fluorescence and phosphorescence spectra and signal intensities were

recorded with a FluoroMax – P spectrofluorometer from Horiba Jobin-Yvon (New Jersey, NJ,
USA). This instrument was equipped with a continuous xenon arc source for fluorescence and
phosphorescence measurements under steady state conditions and a pulsed xenon arc source for
phosphorescence measurements under time resolved conditions. Each excitation source covered
a wavelength range from approximately 200 nm to 1100 nm. The range of flash rate for the
pulsed source was 0.05–25 Hz and 3 μs was the duration of the pulse at full-width half
maximum. The excitation and emission monochromators were equipped with 1200 grooves/mm
gratings blazed at 330 nm and 500 nm, respectively. The reciprocal linear dispersion of both
gratings was 4.25 nm/mm.
Photoluminescence was detected with an uncooled photomultiplier tube (Hamamatsu,
Model R928) operating in the photon-counting mode. For time-resolved measurements, the
gating circuitry provided delays after the flash ranging from 50 μs to 10 s at 1 μs increments, and
sample windows (gate times) ranging from 10 μs to 10s at 1 μs increments. Commercial software
(DataMax version 2.20, Horiba Jobin-Yvon) was used for automated scanning and fluorescence
data acquisition.
Origin software (version 5, Micronal Software, Inc.) was used for curve fitting of
phosphorescence decays. Fitted decay curves were obtained by fixing x0 and y0 at a value of zero
in equation (15).
𝑦 = 𝑦0 + 𝐴1 𝑒 [− 𝑥−𝑥 0
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𝑡1 ]

(15)

3.3

Cryogenic Fiber Optic Probe (FOP)
Prior to Campiglia’s contributions to high-resolution photoluminescence spectroscopy

53,54

, the analysis of samples at low temperature followed cumbersome and time-consuming

experimental procedures with poor reproducibility of measurements. The classic sample
preparation procedure for 77 K measurements consisted of immersing a solution-filled smalldiameter tube into an optical dewar filled with liquid nitrogen. The fragility of the dewar flask,
bubbling in the cryogen at irregular intervals from small ice particles that act as nucleation sites,
and condensation on the outside of the dewar were nuisances. But scattering at each of the
interfaces encountered by the excitation light on its way to the sample was a much more severe
problem, as stray light in the emission monochromator degraded the limit of detection and the
reproducibility of measurements. Options that can reduce the number of scattering interfaces and
the temperature to below 20 K include using closed-cycle helium refrigerators or Joule-Thomson
miniature refrigerators. The trade-offs include higher cost, reduced sample throughput, and
possibly less efficient or slower cooling of the sample. Depending on the solvent and the final
temperature, freezing times can take between 20 and 40 min per sample.
Our approach to low temperature measurements using cryogenic fiber optic probes
(FOPs) eliminates the need for an optical dewar and/or helium cryostats. Even at 4.2 K, our
experimental retains the simplicity of dunking the sample into the liquid cryogen for fast and
reproducible freezing. All interfaces that could scatter exciting light into the detection system
have been removed from the optical path providing high quality spectra and excellent
reproducibility of measurements.
The first probes developed by Campiglia and co-workers were coupled to an in-house
laser system for high-resolution, multidimensional photoluminescence spectroscopy in the
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fluorescence and phosphorescence time domains

53,54

. The FOPs incorporated one delivery and

six silica-clad silica collection fibers. At the sample end the fibers are arranged in a conventional
six-around-one configuration with the delivery fiber in the center. At the collection end the
excitation and collection fibers are separated and vertically aligned with the spectrograph
entrance slit. Figure 3.1 shows an example of the 4.2 K probe.

Figure 3.1 4.2 K FOP. The excitation and collection fibers are fed into a section of copper tubing
that provides mechanical support for lowering the probe into the liquid helium. At the
analysis end, the excitation and emission fibers are bundled with vacuum epoxy and fed
into a metal sleeve for mechanical support. The copper tubing is flared stopping a swage
nut tapped to allow for the threading of the sample vial. At the instrument end, the
emission fibers are bundled with vacuum epoxy in a slit configuration, fed into a metal
sleeve and aligned with the entrance slit of the spectrometer.

After the sample is introduced into the sample tube, the tip of the FOP is positioned either
below or above the solution surface as the sample tube is lowered into a container filled with
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liquid cryogen. The cell is allowed to cool for 90 s prior to fluorescence measurement to ensure
complete sample freezing. If the FOP is immersed in the sample, the approximately one-minute
probe clean up procedure involves removing the test tube from the liquid cryogen, melting the
frozen matrix, and warming the resulting solution to approximately room temperature with a heat
gun, rinsing the probe with the sample solvent, and drying it with warm air from the heat gun. If
the probe is placed above the surface of the sample, cleaning between samples is not necessary.
Preparing frozen samples for luminescence measurements at liquid nitrogen (77 K) and liquid
helium (4.2 K) is now a routine technique. Samples are frozen in a matter of seconds.
A few years later, Campiglia and co-workers coupled the cryogenic FOPs to a
commercial spectrofluorometer for the analysis of high molecular weight polycyclic aromatic
hydrocarbons (HMW-PAHs) in complex environmental samples

55,56

. In comparison to the laser

system previously developed for high-resolution multidimensional spectroscopy 53,54, the broadband excitation source and the monochromators of the spectrofluorometer facilitated the
collection of EEMs throughout a much wider range of excitation and emission wavelengths. The
trade-offs of using a commercial spectrofluorometer instead of the laser system developed inhouse include the inability of acquiring time-resolved fluorescence spectra during the time
domain of fluorescence decays and the inability to promote site-selective excitation of different
special orientations of fluorophores in the frozen matrix due to the rather broad band-pass of the
excitation monochromator.
The excitation fiber and the emission bundle from the FOP were coupled to the sample
compartment of the spectrofluorometer with a commercial fiber optic mount (F-3000) from
Horiba Jobin Yvon

55,56

. This interface optimized the delivery and the collection efficiency of

excitation and emission photons to and from the frozen sample, respectively. The alignment of
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the FOP for maximum signal intensity was easily accomplished via the focusing mirrors and the
fiber adapters of the F-300 fiber optic mount. The limits of detection for the studied PAHs were
at the parts-per-billion concentration range and the reproducibility of measurements at 4.2 K
were lower than 8%.
Our initial attempts to the analysis of PASHs with the six-around-one FOP revealed
unsatisfactory S/N ratios for analytical use. A new FOP we then devised with an eight-aroundtwo configuration, i.e., with two excitation fibers and eight emission fibers. The schematic
diagram of the original and the new FOP is shown in Figure 3.2.

Figure 3.2 Schematic diagram of original (six-around-one) and new (eight-around-two) FOPs.
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A comparison of the excitation and emission spectra recorded with the original and the
new FOP from a photoluminescence standard frequently used in our lab for instrument
optimization is presented in Figure 3.3. Since excitation (2 nm) and the emission (2 nm) bandpass were the same for both sets of spectra, the higher spectral intensity observed with the new
FOP results from the eight-around-two configuration. The new FOP was then used for all the
photoluminescence measurements presented in this dissertation.

Figure 3.3 Excitation and emission spectra of the Photon Technology International (PTI)
standard recorded with the six-around-one (original FOP) and the eight-around-two (new
FOP) configuration. All spectra were recorded at room-temperature under steady-state
conditions (CW lamp) using 2 nm excitation and emission band-pass 57.
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3.4

High Performance Liquid Chromatography (HPLC)
The HPLC system used was from Hitachi (San Jose, Ca, USA). Its main components

were an L-7100 mobile phase pump, an L-7485 fluorescence detector, and an L-761 on-line
degasser. The entire system was computer controlled with customized software. All separations
were made using a Zorbax Eclipse PAH column with a 4.6 mm length, 250 mm diameter and 5
μm average particle diameters. The composition of the mobile phase and its flow rate varied with
the type of experiment (see details in sections 5.2.4, 5.2.5 and 5.2.6). All sample injections were
held constant at 20μL using a fixed volume injection loop. Laboratory reagent blanks were run
with each series of samples under identical experimental conditions.
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CHAPTER 4
LOW-TEMPERATURE TIME-RESOLVED
PHOSPHORESCENCE EXCITATION EMISSION MATRICES FOR THE
ANALYSIS OF PHENANTHRO-THIOPHENES IN CHROMATOGRAPHIC
FRACTIONS OF COMPLEX ENVIRONMENTAL EXTRACTS
4.1

Introduction
In this chapter we explore the analytical potential of low-temperature photoluminescence

spectroscopy for the analysis of seven phenanthrothiophenes (PTs), a group of four ring PASHs
with molecular mass 234 g mol−1. The studied PASHs include Phenanthro [1,2-b]thiophene
(P12T), Phenanthro [2,1-b]thiophene (P21T), Phenanthro [2,3-b]thiophene (P23T), Phenanthro
[3,2-b] thiophene (P32T), Phenanthro [3,4-b]thiophene (P34T), Phenanthro [4,3-b]thiophene
(P43T) and Phenanthro [9,10-b]thiophene (P910T). Their molecular structures are shown in
Figure 4.1. To the extent of our literature search, there are no reports on the photoluminescence
properties of the studied PTs.
Excitation and emission measurements from n-alkane solutions at 77 K and 4.2 K showed
phosphorescence emission from all the isomers at both temperatures. Analytical figures of merit
based on the fluorescence and phosphorescence emitted at 77 K and 4.2 K showed the feasibility
to detect these compounds at the ng.mL−1 concentration levels.
NPLC analysis of combustion related SRMs 1597, 1991 and 1597a showed the co-elution
of P12T, P34T, P43T, and P910T in fraction 6 and the co-elution of P21T, P23T, and P32T in



Adapted from Talanta, 212, S. Arif, M. Al-Tameemi, W. B. Wilson, S. A. Wise, F. Barbosa Jr.,
A. D. Campiglia, Low-temperature time-resolved phosphorescence excitation emission matrices
for the analysis of phenanthro-thiophenes in chromatographic fractions of complex
environmental extracts, 120805. Copyright 2020, no permission required from Elsevier.
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fraction 7 of the NPLC procedure

23

. The Individual identification of the co-eluted compounds

was only obtained after GC/MS analysis of the NPLC fractions. In this chapter, we present an
alternative method for the identification of PTs in NPLC fractions based on 77 K
phosphorescence (EEMs) and PARAFAC. We demonstrate the potential of this approach for the
identification of P34T in the presence of co-eluted PTs with strong phosphorescence emission
and co-eluted PAHs with strong fluorescence emission. Processing 77 K phosphorescence data
with PARAFAC showed to be a robust approach to the determination of PTs in complex NPLC
fractions.
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Figure 4.1 Molecular structures of PTs selected for these studies.
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4.2

Experimental

4.2.1 Chemicals
All chemicals were of analytical-reagent grade and utilized without further purification.
HPLC grade n-octane and n-heptane were acquired from Acros Organics. P12T, P21T, P23T,
P32T, P34T, P43T, and P910T were obtained from the National Institute of Technology (NIST)
and used as received. Daily instrumental performance for photoluminescence measurements was
monitored with a commercial standard from Photon Technology International (PTI) consisting of
a single crystal of dysprosium-activated yttrium aluminum garnet mounted in a cuvette-sized
holder with well-characterized quasi-line excitation and emission spectra.
4.2.2 Preparation of Stock Solutions
Stock solutions of PASHs prepared in n-alkanes were kept in the dark at 4 °C until use.
Possible PASHs degradation was monitored via room-temperature fluorescence spectroscopy.
PASHs working solutions were prepared prior to data collection using serial dilution of stock
solutions with the appropriate n-alkane solvent.
4.2.3 Instrumentation
Photoluminescence spectra and signal intensities of phenanthrothiophenes were recorded
with FluoroMax – P spectrofluorometer. Photoluminescence measurements at 77 K and 4.2 K
were made with the aid of a FOP built in house

57

. The complete descriptions of the

spectrofluorometer and the FOP were presented in section 3.2 of this dissertation.
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4.2.4 Measurement Procedures
RT measurements were made by pouring un-degassed liquid solutions into standard
quartz cuvettes (1 cm optical path). Signals and spectra were recorded by using a 90°
configuration between the excitation source and the detector. 77 K and 4.2 K measurements were
made with the FOP as follows: (1) 100 μL of un-degassed sample solution were pipetted into the
sample vial; (2) the sample vial was secured to the sample end of the copper tubing; and (3) tip
of the FOP was positioned at a constant depth below the solution surface; and (4) sample
freezing was accomplished by lowering the sample vial into the liquid cryogen. Liquid nitrogen
and liquid helium were held in two separate Dewar containers with 5- and 60 L storage capacity,
respectively. The 60 L liquid helium volume would typically last three weeks of daily use,
averaging 15–20 samples per day. Complete sample freezing took less than 90 s. The ~1 min
probe clean up procedure involved removing the sample vial from the cryogen container, melting
the frozen matrix and warming the resulting solution to approximately room temperature with a
heat gun, rinsing the probe with n-alkane, and drying it with warm air from the heat gun. The
entire freeze, thaw, and clean up cycle took less than 5 min.
4.2.5 Software for Data Analysis with PARAFAC
MATLAB 7.10 was used for all PARAFAC calculations (The Mathworks Inc., Natick,
Massachusetts, USA, 2010)
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Software processing was facilitated by a MVC3 graphical user

interface written in MATLAB previously described by Olivieri et al. (2012) 59.
4.3

Results and Discussion
As previously discussed in Chapter 2 of this dissertation, the spectral resolution of

(PAHs) recorded from n-alkane solutions at low temperature depends on the relative dimensions
of the guest (PAH) and host (n-alkane) molecules. If the dimensions of the PAH and the n-alkane
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match well enough, the small number of crystallographic sites - ideally just one - occupied by
guest molecules in the host lattice provide vibrational spectra with fingerprinting information for
PAH identification.
A criterion often employed for the initial selection of n-alkanes is to match the linear
dimensions of the PAH molecule to those of the organic solvent

48

. The same criterion was

employed here to investigate the photoluminescence properties of PTs. The molecular
dimensions of PTs and n-alkanes were calculated at NIST using commercial modeling programs
(PC-Model and MMX, Serena Software, Bloomington)

60

. The best PASH/n-alkane matchings

are summarized in Table 4.1. All compounds were dissolved in the calculated n-alkanes and used
without further solvent optimization studies. Spectral characteristics were investigated at RT, 77
K and 4.2 K from pure standards at their maximum excitation and emission wavelengths. When
necessary, second order emissions from excitation scattering were removed by placing long-pass
cut-off filters at the entrance slit of the emission monochromator.
Table 4.1 Shpol’skii solvents for spectral collection at RT, 77 K and 4.2 K.
PASH
Length of PASH
Matching Solvent
Length of Solvent
(Å)
(Å)
P12T
13.49
n-octane
13.142
P21T
13.35
n-octane
13.142
P23T
13.43
n-octane
13.142
P32T
13.74
n-octane
13.142
P34T
12.27
n-heptane
11.867
P43T
P910T

12.27
11.83

n-heptane
n-heptane

11.867
11.867

4.3.1 Steady-state Photoluminescence Spectroscopy
Steady-state spectra were recorded with the aid of a continuous wave (CW) xenon
excitation source. Appendix A shows the RT excitation and fluorescence spectra recorded from
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the studied compounds in n-alkane solutions. Except for P21T, all the other compounds showed
some vibrational structure in their excitation and fluorescence spectra. No phosphorescence
emission was observed at RT. Considering that all the PTs showed phosphorescence at 77 K and
4.2 K, the lack of RT phosphorescence is probably due to the relatively long lifetimes of triplet
states that provide many opportunities for collisional deactivations of excited molecules. Since
all measurements were made from un-degassed solutions, the contribution of oxygen quenching
to the lack of phosphorescence is also possible. The lack of vibrational features in the RT spectra
of P21T could be attributed to the 2 nm excitation and emission band-pass used for spectral
acquisition. A narrower band-pass could have possibly resolved the vibrational structure of
P21T. Its vibrational levels in the excited (S1) and the ground (S0) energy states appear to be
much closer in energy than the vibrational levels of all the other compounds.
All the studied PTs showed fluorescence and phosphorescence at low temperatures. The
entire set of 77 K and 4.2 K excitation, fluorescence and phosphorescence spectra are compiled
in Appendices B (77 K) and C (4.2 K). Figure 4.2 A compares the relative intensities of the
fluorescence signals observed at RT, 77 K and 4.2 K. In all cases, lowering the temperature to 77
K or 4.2 K enhanced the fluorescence of the studied compounds. Except for P21T, all the other
PTs emitted the strongest fluorescence at 4.2 K. These observations probably result from
reducing vibrational relaxation and collisional deactivation of the first singlet states in the frozen
matrixes.
Figure 4.2 B compares the phosphorescence intensities at 77 K and 4.2 K. Except for
P12T and P21T, all the other compounds showed the strongest phosphorescence at 4.2 K. Since
it is uncommon for the rate of intersystem crossing between the singlet and triplet manifolds to
change significantly with the temperature of the frozen matrix, the observed behavior is probably

36

due to reducing vibrational relaxations and collisional deactivations of the first triplet states in
the frozen matrixes.

Figure 4.2 (A) Relative intensities of fluorescence signals recorded at RT, 77 K and 4.2 K.
Measurements were made from pure standard solutions in n-octane; (B) Relative
intensities of phosphorescence signals recorded at 77 K and 4.2 K. All measurements
were made with the CW lamp using standard concentrations within the linear dynamic
ranges of the calibration curves. Standards were prepared with the n-alkane solvents
shown in Table 4.1. Excitation an emission band-pass was 4 nm. RT measurements were
made with the aid of 1-cm quartz cuvettes. Low temperature measurements were made
with the aid of the fiber optic probe.
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Table 4.2 summarizes the phosphorescence (IP) to fluorescence (IF) intensity ratios of the
studied compounds at 77 K and 4.2 K. P12T showed the highest IP/IF ratio followed by P910T
and P43T. While P34T and P21T emitted phosphorescence and fluorescence with similar
intensities, P23T and P32T emitted stronger fluorescence than phosphorescence. The observed
differences stress the role of the heavy atom (sulfur) position in promoting intersystem crossing
between the first singlet excited state and the triplet state manifold of PTs.
Table 4.2 Phosphorescence to fluorescence intensity ratiosa at 77 K and 4.2 K
PASH b

77 K IPc /IFd (cps)

4. 2K IPc /IFd (cps)

P12T

2.19 ± 0.017

1.96 ± 0.069

P21T

1.01 ± 0.008

1.09 ± 0.030

P23T

0.11 ± 0.001

0.12 ± 0.004

P32T

0.19 ± 0.002

0.20 ± 0.006

P34T

1.09 ± 0.011

1.20 ± 0.112

P43T

1.36 ± 0.206

1.51 ± 0.014

P910T

1.69 ± 0.020

1.76 ± 0.016

a

All intensity measurements were made with the fiber optic probe. The uncertainty listed with
each ratio is one standard deviation for the average ratio value for each PASH.
b

Standard solutions were prepared in n-octane (P12T, P21T, P23T and P32T) or n-heptane
(P34T, P43T and P910T). All concentrations were within the linear dynamic ranges of the
calibration curves.
c

Average intensity of three measurements using maximum excitation and phosphorescence
wavelength.
d

Average intensity of three measurements using maximum excitation and fluorescence
wavelength.
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4.3.2 Fluorescence Analytical Figures of Merit (AFOMs) at RT, 77 K and 4.2 K
Table 4.3 summarizes the fluorescence AFOMs of PTs recorded with the CW lamp at
RT, 77 K, and 4.2 K. Calibration curves were prepared by serial dilutions of stock standard
solutions with the solvents in Table 4.1. All measurements were made at maximum excitation
and emission wavelengths. Each calibration curve consisted of a minimum of five linear
concentrations. Each concentration was plotted in the calibration graph versus the average
intensity of three signal determinations made from three sample aliquots (N = 3). No efforts were
made to experimentally obtain the upper concentration limit of the calibration curve. The best
linear fitting of each calibration curve was obtained with the least squares method. The complete
set of calibration curves are shown in Appendices D (RT-CW lamp), E (77 K-CW lamp) and F
(4.2 K-CW lamp).
The limits of detection (LOD) and the limits of quantitation (LOQ) were calculated as
follows: LOD = 3 × SB/m and LOQ = 10 × SB/ m; where SB is the standard deviation of 16 blank
determinations and m is the slope of the calibration curve. Although considerable fluorescence
enhancements were observed by lowering the temperature of all the studied compounds (see
Figure 4.2 A), only P34T, P43T, and P910T experienced significant improvements – i.e. ~ one
order of magnitude – of their LODs and LOQs. All the other compounds had LODs and LOQs
with ~ the same order of magnitude at the three studied temperatures.
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Table 4.3 Fluorescence analytical figures of merit of PTs recorded with the CW Lamp at RT, 77
K and 4.2 K.
PASH Temperature
λex/ema
LDRb
LOQc
LODd
RSDe
-1
-1
-1
(nm)
(ng mL )
(ng mL )
(ng mL )
(%)
P12T
RT
275/380
58 - 1250
58
18
1

P21T

P23T

P32T

77 K

277/381

14 - 250

14

4

0.2

4.2 K

277/381

11.5 - 250

12

3.4

2.7

RT
77 K

320/383
320/374

9.9 – 1,250
9.5 - 500

9.9
9.5

2.9
3

0.4
0.7

4.2 K

321/374

7 - 500

7

2.2

2.5

RT

284/368

6.8 - 1250

6.8

2

1

77 K

339/390

7 - 1000

7

2

0.5

4.2 K

339/390

12 - 1000

12

3.5

3

RT

283/372

5.8 - 313

5.8

1.7

2.5

77 K

287/373

4 - 250

4

1

0.6

4.2 K

287/373

1 - 250

1

0.3

2.6

121
19
24
188
54
20
162
17
50

36
5.6
7
56
16
5.9
48
5
15

0.4
1
1.5
2.6
11
0.6
1.6
0.8
0.4

P34T

RT
279/367
121-1000
77 K
281/362
19 - 500
4.2 K
281/362
24-500
P43T
RT
317/363
188 - 1000
77 K
322/361
54-500
4.2 K
322/361
20-500
P910T
RT
291/363
162-1000
77 K
313/370
17-500
4.2 K
313/370
50-500
a
Excitation (λex) and emission (λem) wavelengths.
b

LDR = linear dynamic range in ng mL-1 extending from the limit of quantification (LOQ) to an
arbitrarily chosen upper linear concentration.
c

LOQs were calculated using LOQ = 10SB/m.

d

LODs were calculated using LOD = 3SB/m, where SB is the standard deviation of 16 blank
measurements and m is the slope of the calibration curve.
e

Relative standard deviation (RSD) = SF/IF x 100, where SF is the standard deviation of the
average calculated from three emission measurements at medium linear PASH concentrations
within same day.
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Table 4.4 compares the slopes (m), blank signals, and standard deviations of the blank
signals (SB) used to calculate the LODs and LOQs in Table 4.3. Comparison of the slopes at
room and low temperatures shows higher slopes at 77 K and 4.2 K in all cases. This trend
reflects the fluorescence enhancements observed at lower temperatures from all the studied
compounds. Blank signals (YB) and standard deviations of the blank signals (SB) showed a
similar trend with the highest values at lower temperatures. Comparison of the slope ratios at 4.2
K (m4.2K) and room temperature (mRT) reveals the highest m4.2K/mRT values for P34T (78.6),
P43T (66.7), P12T (62), and P910T (37.1). Similar comparisons with the blank signals reveal the
smallest YB4.2K/YBRT ratios for P34T (4.1), P910T (18.3), and P43T (18.5). The same is true for
the standard deviations of the blank signals; i.e. the smallest SB4.2K/SBRT ratios were observed
from P34T (1.4), P43T (6.9), and P910T (10.3).
Although the YB ± SB values for P34T, P43T, and P910T increase at the lower
temperature, the improvements in the slopes of their calibration curves overcome the higher
backgrounds and still provide better LODs and LOQs at 4.2 K. The same is true at 77 K. All the
other compounds presented higher blank ratios than slope ratios. The YB4.2K/YBRT and m4.2K/mRT
ratios were the following: P12T (62 and 95.6), P21T (8.2 and 50), P23T (20 and 68.3), and P32T
(6.1 and 58.3). Their SB4.2K/SBRT ratios varied as follows: P12T (12.3), P21T (6.2), P23T (34.5),
and P32T (10.4). The higher blank signals and standard deviations at 4.2 K appear to overcome
the slope improvements at the lower temperature to provide LODs and LOQs with the same
order of magnitude at RT and 4.2 K. The same trends were observed at 77 K. The higher YB ±
SB values at 77 K and 4.2 K can be attributed to the presence of unknown fluorescence impurities
in the n-alkane solvents. Although HPLC grade solvents were used throughout, further solvent
purification via distillation steps should provide better LODs and LOQs.

41

Table 4.4 Slopes of calibration curves, blank intensities (YB) and standard deviations of the
blank signals (SB) used to calculate the fluorescence AFOMs in Table 4.3.
Compound Temperature

P12T

P21T

P23T

P32T

P34T

P43T

P910T

RT
77K
4.2K
RT
77K
4.2K
RT
77K
4.2K
RT
77K
4.2
RT
77K
4.2
RT
77K
4.2K
RT
77K
4.2K

λexc/λem

Slopea

YBb

SBc

(nm)

(m)

(cps)

(cps)

275/380
277/381
277/381
320/383
320/374
321/374
284/368
339/390
339/390
283/372
287/373
287/373
279/367
281/362
281/362
317/363
322/361
322/361
291/363
313/370
313/370

1.4 x 101
7.7 x 102
8.7 x 102
8.7 x 101
4.8 x 102
7.1 x 102
8.5 x 101
1.2 x 103
1.7 x 103
1.3 x 102
5.2 x 103
7.9 x 103
2.8 x 101
1.8 x 102
2.2 x 103
1.8 x 101
6.6 x 102
1.2 x 103
2.1 x 101
5.6 x 103
7.8 x 102

4.5 x 102
2.8 x 104
4.3 x 104
5.4 x 102
2.0 x 104
2.7 x 104
7.7 x 102
3.5 x 104
5.3 x 104
7.2 x 102
3.3 x 104
4.2 x 104
7.1 x 103
2.4 x 104
2.9 x 104
5.4 x 103
1.3 x 105
1.0 x 105
8.7 x 103
1.2 x 105
1.6 x 105

8.1 x 101
1.1 x 103
1.0 x 103
8.7 x 101
4.7 x 102
5.4 x 102
5.8 x 101
8.8 x 102
2.0 x 103
7.7 x 101
2.3 x 103
8.0 x 102
3.6 x 102
3.5 x 102
5.2 x 102
3.6 x 102
3.6 x 103
2.5x 103
3.6 x 102
9.2 x102
3.7 x 103

Note:P12T=Phenanthro[1,2-b]
thiophene,
P21T=Phenanthro[2,1-b]
thiophene,
P23T=Phenanthro[2,3-b] thiophene, P32T=Phenanthro[3,2-b] thiophene, P34T=Phenanthro[3,4b] thiophene, P43T=Phenanthro[4,3-b] thiophene, P910T=Phenanthro[9,10-b] thiophene.
a

Slope of calibration curve.

b
c

YB = average intensity of blank signal based on 16 determinations.
SB = standard deviation of average blank signal.
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4.3.3 Time-resolved phosphorescence spectroscopy
All the studied PTs emitted phosphorescence at 77 K and 4.2 K. Since the spectra
presented in Appendices B (77 K) and C (4.2 K) were recorded with the CW excitation source of
the spectrofluorimeter, the emission spectra show the contribution of both fluorescence and
phosphorescence. Due to the “forbidden” nature of phosphorescence, which results from the
transition between two electronic states of different multiplicity (T1 to S0), phosphorescence
spectroscopic techniques are potentially more selective than fluorescence spectroscopy
techniques. Since the time domain of phosphorescence (~10−3 s to s) is considerably longer than
the “short-lived” fluorescence phenomenon (~10−9 to 10−6 s), spectral interference from
fluorescence concomitants is often removed with the aid of time-resolution techniques

61,62,63

.

One way to accomplish time-resolved phosphorescence measurements is with the aid of pulsed
excitation sources and gated detection systems. Removing the contribution of fluorescence from
the total emission spectrum of a sample requires the choice of an appropriate delay time (D),
which depends on the full-width at half maximum of the excitation pulse and the duration of the
fluorescence decay. To record phosphorescence and still avoid the collection of background
noise, a suitable gate time (G) is required that depends on the phosphorescence time decay of the
phosphor.
Table 4.5 summarizes the 77 K and 4.2 K phosphorescence lifetimes of the PTs studied
herein. Measurements were made from standard solutions prepared in n-alkanes (see Table 4.1)
at medium linear concentrations. Signal intensities were recorded at the maximum excitation and
emission wavelengths of each compound using 4 nm excitation and emission band-passes. All
phosphorescence decays consisted of well-behaved single exponential decays with no systematic
trends.
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Table 4.5 Phosphorescence lifetimes () of PTs in Shpol’skii matrixes.
PASH
λex/ema
Db
Gc
77 K d
4.2 K d
(nm)
(ms)
(ms)
(ms)
(ms)

texp e

P12T

275/514

0.2

2000

1574.6 ± 27.6

1565.1 ± 15.8

0.7

P21T

262/486

0.04

2000

753.3 ± 21.7

658.8 ± 34.9

2

P23T

288/546

0.2

1000

206.3 ± 27.9

137.2 ± 4.7

15

P32T

287/530

0.04

1000

344.1 ± 17.4

317.2 ± 4.3

2.7

P34T

284/501

0.04

2000

1261.8 ± 10.6

1255.6 ± 7.1

0.8

P43T

275/481

0.04

1000

1006.1 ± 10.7

905.1 ± 10

8

P910T

262/482

0.04

1000

615.1 ± 4.9

458.3 ± 4.9
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a

Excitation (λexc) and emission (λem) wavelengths.

b

Delay time.

c

Gate time needed to reach background signal intensity.

d

Average phosphorescence lifetimes (N = 3) recorded at the maximum excitation (λex) and
emission (λem) wavelengths. The uncertainty listed with each value is one standard deviation for
the average lifetime value of each PASH.
e

tcritical = 2.78 (α = 0.05; N1 = N2 = 3).

P23T, P43T, and P910T showed significantly shorter phosphorescence lifetimes at 4.2 K
than at 77 K (P = 95%; N1 = N2 = 3). The observed difference could be attributed to an
enhancement of the radiative rate constant for the deactivation of the first triplet state (T1). This
assumption agrees with the higher phosphorescence intensities observed at 4.2 K. Although the
average lifetimes of P12T, P21T, P32T and P34T are also shorter at the lowest temperature (4.2
K), the observed differences are not statistically significant (P = 95%; N1 = N2 = 3) fall within
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the reproducibility of measurements of our experiments. The entire data sets of phosphorescence
decays recorded from PTs are compiled in Appendices G (77K) and H (4.2K) of this dissertation.
Since the gates in Table 4.5 lead to high phosphorescence intensities but unrealistically
long spectra collection times, we conducted a study to reach a compromise between
phosphorescence intensity and spectral recording time. The time it takes to record
phosphorescence spectra with a gated spectrometer depends on the number of excitation pulses
per data point, the time between excitation pulses and the number of data points per spectrum.
The time between excitation pulses totals the sum of the gate time and the time for data transfer
and storage (DTS). Since our spectrometer provides no control over the length of the DTS step,
we reduced the gate time and kept constant all the other instrumental parameters used in Table
4.6; i.e. the same delay times, 10 pulses per data point, 4 nm excitation and emission band-pass
and 3 nm monochromator steps.
Among the gate delays we tested, the shortest G that provided LODs and LOQs of the
same order of magnitude as those obtained under steady-state conditions was 9ms. Table 4.6
summarizes the low-temperature time-resolved phosphorescence AFOMs obtained with a G of
9ms. The calibration curves used to obtain these AFOMs are shown in Appendices I (77 Kpulsed lamp) and J (4.2 K-pulsed lamp). The complete set of excitation and time-resolved
phosphorescence spectra are shown in Appendices K (77 K) and L (4.2 K). A 9 ms gate time was
then used for all the remaining studies of this article.

45

Table 4.6 Time-resolved phosphorescence AFOMs of PTs recorded with the pulsed lamp.
PASH
Temperature
λex/ema
LDRb
LOQc
LODd
RSDe
-1
-1
-1
(nm)
(ng mL )
(ng mL ) (ng mL )
(%)
P12T

77 K
275/515
5-500
4.2 K
275/514
6-1000
P21T
77 K
262/487
81.9-2500
4.2 K
262/486
95-2500
P23T
77 K
288/546
71-750
4.2 K
288/546
54.7-750
P32T
77 K
287/530
10.5-500
4.2 K
287/530
11.8-500
P34T
77 K
283/501
6.7-500
4.2 K
284/501
7.8-500
P43T
77 K
274/481
14-250
4.2 K
275/480
5-250
P910T
77 K
262/482
5.7-500
4.2 K
262/480
30.5-500
a
Excitation (λex) and emission (λem) wavelengths.

5
6
81.9
95
71
54.7
10.5
11.8
6.7
7.8
14
5
5.7
30.5

1.5
1.8
24.5
28.6
21
16
3
3.5
2
2.3
4
1.5
1.7
9

4
1
7.5
2
5
1.5
0.6
2.6
0.26
1
0.79
0.56
2.9
0.5

b

LDR = linear dynamic range in ng mL-1 extending from the limit of quantification (LOQ) to an
arbitrarily chosen upper linear concentration.
c

LOQs were calculated using LOQ = 10SB/m.

d

LODs were calculated using LOD = 3SB/m, where SB is the standard deviation of 16 blank
measurements and m is the slope of the calibration curve.
e

Relative standard deviation (RSD) = SF/IF x 100, where SF is the standard deviation of the
average calculated from three emission measurements at medium linear PASH concentrations
within same day.

4.3.4 Analysis of P34T in NPLC fractions from SRM 1597a
Previous work in our lab to circumvent potential interference from matrixes of unknown
composition has coupled multidimensional data formats to multi-way calibration algorithms.
Multidimensional data formats include total synchronous fluorescence spectra
wavelength-time matrices (WTMs)

66,67

excitation-emission cubes (TREECs)

, time-resolved EEMs (TREEMs)

68

64

64

, EEMs

65

,

and time-resolved

. Spectral deconvolutions have been achieved with
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PARAFAC, unfolded- partial least squares/residual bi-linearization (U-PLS/RBL) and unfoldedpartial least squares/residual tri-linearization (U-PLS/RTL).
The approach we present here is based on the collection of low temperature time-resolved
phosphorescence EEMs. This data format is inherently different from TREEMs and TREECs.
Herein, the term “time resolved” refers to the time-discrimination of fluorescence interference
with the application of a fixed delay and gate time. Since all the EEMs were recorded with the
same delay and gate times, the temporal dimension did not contribute to the deconvolution of
overlapped phosphorescence spectra.
Under the NPLC conditions optimized previously for the analysis of PASHs in
combustion-related SRMs

22,23

, P12T, P34T, P43T, and P910T co-elute in fraction 6 of the

chromatogram along with numerous strong emitting fluorophores of known and unknown
identity. Known fluorophores co-eluting with PTs in fraction 6 include benzo[c]phenanhtrene,
naphthacene,

2-methylbenzo[c]phenanthrene,

3-methylbenzo[c]phenanthrene,

4-

methylbenzo[c]phenanthrene, 5-methylbenzo[c]phenanthrene, 6-methylbenzo[c]phenanthrene, 1methylbenz[a]anthracene and 11-methylbenz[a]anthracene.
After evaporating the mobile-phase to dryness and re-constituting it with n-heptane,
fraction 6 provides a matrix of analysis with negligible fluorescence under the time-resolved
parameters of this study; i.e. D = 40 μs and G = 9 ms. Therefore, the successful identification of
any given PT in fraction 6 depends on the method's ability to handle phosphorescence
interference from the other three co-eluting PTs and from any other co-eluting phosphorescence
species with unknown chemical identity.
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P34T was the model compound we chose to investigate the selectivity of this approach.
PARAFAC calculations were performed with EEMs recorded from three calibration mixtures, 2
test samples and NPLC fraction 6. All EEMs were recorded at 77 K using a D = 40 μs and a G =
9 ms gate, 4 nm excitation and emission band-passes, 10 pulses per data points, and 3 nm
monochromator steps. The wavelength ranges extended from 200 nm to 330 nm (excitation) and
from 420 nm to 700 nm (emission).
Table 4.7 summarizes the results obtained with the calibration set, the two test samples
and the unknown (NPLC fraction 6). Figures 4.3 and 4.4 compare the spectral profiles extracted
with PARAFAC with the experimental spectra recorded from pure standard solutions of P34T.
The core consistency values in Table 4.7 confirm the visual similarities among predicted and
experimental spectra.

Table 4.7 Core consistencies of P34T obtained with PARAFAC from 77 K time-resolved
phosphorescence EEMs a.
Sample
P34T
P43T
P21T
P910T
Core consistency
(μg.mL-1) (μg.mL-1) (μg.mL-1) (μg.mL-1)
(%)
Calibration sample 1
1
1
1
1
Calibration sample 2
2
1
1
1
Calibration sample 3
4
1
1
1
Test sample 1
2.5
1
1
1
Test sample 2
3.5
1
1
1
HPLC fraction 6
NA
NA
NA
NA
a
EEMs were recorded using fix delay (40 μs) and gate (9 ms) times.
b

Not applicable.
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---b
---b
---b
100
100
100

Figure 4.3 Summary of results obtained for test sample 2 (see Table 4.7 for sample
composition). Top left: 77K time-resolved phosphorescence EEM recorded from sample
2 in n-octane; Top right: Phosphorescence (emission) and excitation spectra of P34T
predicted with PARAFAC; Bottom: 77K excitation and phosphorescence spectra
recorded from a pure standard solution of P34T in n-octane. EEM and 2D spectra were
recorded with the pulsed excitation source and the fiber optic probe using a delay = 40
μs, a gate = 9 ms, and excitation/emission band-pass = 4nm.
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Figure 4.4 Summary of results obtained for HPLC fraction 6. Top left: 77K time-resolved
phosphorescence EEM recorded from fraction 6 in n-octane; Top right: Phosphorescence
(emission) and excitation spectra of P34T predicted with PARAFAC; Bottom: 77K
excitation and phosphorescence spectra recorded from a pure standard solution of P34T
in n-octane. EEM and 2D spectra were recorded with the pulsed excitation source and the
fiber optic probe using a delay = 40 μs, a gate = 9 ms, and excitation/emission band-pass
= 4nm.
4.4

Conclusion
Due to the complex chemical composition of oil-contaminated sites, the un-doubtful

identification of PASHs requires extensive chromatographic procedures based on the GC-MS
analysis of NPLC fractions. The studies presented here provide an alternative approach that
requires no further separation of NPLC fractions. The presence of the sulfur atom in the
molecular structure of PTs promotes intersystem crossing between the first singlet excited state
and the triplet excited state manifold. The heavy atom effect associated to the matrix rigidity of
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the frozen sample (77 K or 4.2 K) provides strong phosphorescence for the determination of PTs
at ppb concentration levels. The use of a 40 μs delay after the excitation pulse removes
fluorescence interference from co-eluting species in the NPLC fraction. Interference from coeluting phosphors can be processed with the aid of PARAFAC; i.e. a multivariate algorithm with
the ability to handle time-resolved phosphorescence EEMs. These features provide a
straightforward procedure based on recording 77 K phosphorescence EEMs from NPLC
fractions for further data analysis with PARAFAC.
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CHAPTER 5
SORPTION AND DESORPTION OF POLYCYCLIC
AROMATIC SULFUR HETEROCYCLES ONTO MICROPLASTICS

5.1

Introduction
In this chapter, we investigate the sorption and desorption of polycyclic aromatic sulfur

heterocyclics (PASHs) onto the surface of MPs. This major chemical class of organosulfur
environmental pollutants originates from a variety of natural and anthropogenic processes 11.Due
to the mutagenic and carcinogenic properties of some of them, the European Union, the National
Oceanic and Atmospheric Administration and the US Environmental Protection Agency have
included a few PASHs in their priority pollutants lists

17
.

Once released into aquatic

environments, PASHs have the potential to bioaccumulate and cause toxic effects in aquatic
organisms 13. Since microparticles can be accidently ingested by biota, the adsorption of PASHs
on the surface of MPs might be a credible route by which PASHs enter the marine food web.
The molecular structures of compounds selected for this study are shown in Figure 5.1A.
Dibenzothiophene (DBT), benzo[b]naphtho[1,2-b]thiophene (BbN12T), benzo[b]naphtho[2,1b]thiophene (BbN21T) and benzo[b]naphtho[2,3-b]thiophene (Bb23T) are included in European
Union priority pollutant list and DBT is also included in National Oceanic and Atmospheric
Administration priority pollutant list. The sorption kinetics, partitioning and desorption behavior
of these four compounds are investigated on two nylon plastics (nylon 11 and nylon 6-12) and
polystyrene (PS). Nylon plastics are predominant components of fishing gear. Apparently, 18%
of the marine plastic waste is attributed to the fishing industry
investigated with a variety of aquatic pollutants
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. PS has been widely

and it is here used as a source of comparison

for nylons behaviors. The molecular structures of the studied polymers are shown in Figure 5.1B.
To the extent of our literature search, there are no reports on the interaction of PASHs with MPs.
52

Figure 5.1 A Molecular structures of the studied PASHs.
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Figure 5.1 B Molecular structures of the studied polymers.

5.2

Experimental

5.2.1 Materials and Chemicals
DBT (purity = 99%) and BbN12T (purity=99%) were purchased from Sigma Aldrich.
BbN23T (purity >99%) and BbN12T (purity > 99%) were acquired from the European
Commission. Benzo[b]thiophene (BbT; purity = 98%), 2-methylbenzo[b]thiophene (2mBbT;
purity = 97%), fluorene (purity = 98%), benzo[a]pyrene (BaP; purity = 97%),
dibenzo[a,h]anthracene (DBahA; purity = 97%), indeno(1,2,3-cd)pyrene (I[1,2,3-cd]P; purity =
99.5%) and thiourea (purity=99%) where purchased from Sigma Aldrich. Nylon 11, nylon 6-12
and PS were obtained from Sigma Aldrich as pellets, with particle sizes of 3 mm, 2 mm, and 3
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mm, respectively. HPLC grade n-heptane, n-octane, n-nonane, methanol and acetonitrile were
acquired from Sigma Aldrich. Nanopure water from a Barnstead Nanopure Infinity water system
was used throughout all our experiments. The seawater sample used for desorption studies was
purchased from Ricca Chemical Company (Arlington, TX). Its chemical composition was as
follows: Water (95.87% w/w), sodium chloride (2.39% w/w), magnesium chloride hexahydrate
(1.08% w/w), sodium sulfate anhydrous (0.40 % w/w), calcium chloride dihydrate (0.15% w/w),
potassium chloride (0.07% w/w), sodium bicarbonate (0.02% w/w) , potassium bromide (0.01%
w/w), strontium chloride hexahydrate (<0.01%w/w), boric acid (<0.01% w/w), sodium
hydroxide (<0.01% w/w), and sodium fluoride (<0.01% w/w)
5.2.2 Solution Preparation
Stock solutions of PASHs were prepared with the following solvents: n-heptane (DBT),
n-octane (BbN12T and BbN21T) and n-nonane (BbN23T). All stock solutions were kept in the
dark at 4 °C. Working solutions of pure PASHs were prepared daily by evaporation of the nalkane solvent under a gentle stream of nitrogen gas. In all cases, the reconstituting solvent was a
methanol/water mixture (50:50 v/v).
5.2.3 HPLC Analysis
All PASHs concentrations were monitored via high-performance liquid chromatography
(HPLC). The complete descriptions of the HPLC system used were provided in section 3.4 of
this dissertation.
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5.2.4 Sorption Experiments
Sorption experiments followed previously reported approaches

69

. Since PASHs

precipitated from synthetic mixtures prepared in 30/70 v/v and 40/70 v/v methanol/water
solutions, mixtures of DBT, BbN12T, BbN21T and BbN23T were prepared in methanol/water
50/50 v/v. The final concentration of each compound in the mixtures was 750 ppb. This
concentration was within the HPLC linear dynamic range of each PASH.
1 mL aliquots of the PASHs mixture were spiked into 3 mL glass amber vials containing
a known mass of nylon 11, nylon 6/12 or PS. In all cases, the mass of MP per vial was
approximately 0.2 g. Five vials (vials 1 – 5) per type of MP were prepared, sealed, and
mechanically shaken for 5 min at the speed of 500 rpm. After shaking, the vials were left
undisturbed for: 30 min (vial 1), 60 min (vial 2), 90 min (vial 3), 120 min (vial 4) and 150 min
(vial 5).
After each undisturbed period, the liquid solutions in vials 1 – 5 were decanted into
empty glass amber vials and submitted to HPLC analysis. The mobile phase for sorption studies
was 100% acetonitrile, and its flow rate was 1.5 mL/min. Control sample vails with no MPs were
submitted to the same experimental procedure to account for possible analyte loss due the
adsorption at the walls of the vials.
5.2.5 Octanol-water Partition Coefficient (Kow) Experiments
Since the Kow values of DBT and BbN12T have been published in the literature
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, our

studies focused on the partition coefficients of BbN23T and BbN21T, i.e., the two model
compounds with unknown Kow values. Our experiments followed previous reports on HPLC
methodology that determines unknown Kow values by plotting capacity factors (k') of reference
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compounds with known log Kow values
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. In our case, the reference compounds included BbT,

2mBbT, Flu, DBT, BbN12T, BaP, DBahA, I[123cd]P and thiourea. All capacity factors used in
our calculations were experimentally obtained in our lab using either 85/15 v/v or 95/5 v/v
methanol/water mixtures and a 1mL/min HPLC flow rate.
5.2.6 Desorption Experiments
The desorption of PASHs from MP pellets was investigated with a synthetic sweater
sample of known composition. All desorption studies were done with contaminated pellets
exposed to the adsorption of PASHs for 150 min. The preparation of the contaminated pellets
followed the experimental procedure as described in section 5.2.4. Two desorption procedures,
with and without sonication of contaminated pellets, were attempted in the presence of seawater.
The no sonication procedure consisted of placing the contaminated pellets in an amber vial with
1 mL of seawater and shaken the mixture at low speeds to tentatively mimic the motion of water
in aquatic ecosystems. Aliquots of the supernatant solution were then submitted to HPLC after
30, 60 and 120 mins of shaking time. The sonication procedure laced the contaminated pellets in
an amber vial with 1 mL of seawater and sonicated them for a total time of 120 mins. HPLC of
the supernatant solution was then performed after 30, 60 and 120 min of sonication time. In all
cases, HPLC analysis was performed as described in section 5.2.4.
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5.3

Results and Discussion

5.3.1 HPLC Analytical Figures of Merit
Three mobile phase compositions were used for HPLC analysis throughout all our
studies. While 100% acetonitrile was used for sorption experiments, KOW investigations were
performed with either an 85% methanol/15% water (v/v) or an 95% methanol/5% water (v/v)
mixture. To ensure that all quantitative measurements were made from concentrations within the
linear dynamic ranges of the HPLC calibration curves, the analytical figures of merit (HPLCAFOMs) of all the studied compounds were investigated in their respective mobile phases prior
to the sorption/desorption and KOW experiments.
Figures 5.2A-5.2D show the excitation and fluorescence spectra recorded with a
commercial spectrofluorometer from pure standard solutions of DBT, BbN12T, BbN23T and
BbN21T in acetonitrile. All spectra were recorded at the maximum excitation and emission
wavelengths using a 2nm excitation and emission band-pass. Initial attempts to record HPLC
chromatograms at the maximum excitation and fluorescence wavelengths of these four PASHs
showed either strong scatter from the excitation source of the HPLC detector or rather poor
signal-to-noise (S/N) ratios. The strong scatter observed in some cases was probably due to the
broad excitation (15 nm) and emission (15 or 30 nm) bandwidths of the HPLC detector which
are not able to block excitation radiation from entering the monochromator of the HPLC
detector. The poor signal to noise ratios can be attributed to the different spectral responses of
the spectrofluorometer and the HPLC fluorescence detector, which depend on the blaze
wavelengths of their excitation and emission gratings and the spectral responsivity of their
detectors.
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Figures 5.2 Excitation and fluorescence spectra of (A) 10 μg.mL-1 DBT, (B) 10 μg.mL-1
BbN12T, (C) 10 μg.mL-1 BbN23T and (D) 10 μg.mL-1 BbN21T in acetonitrile. All
spectra were recorded at room temperature with a commercial spectrofluorometer using
an excitation and emission band-pass = 2 nm.

An optimization of excitation and emission wavelengths was then performed with the
HPLC fluorescence detector to achieve the best S/N ratios. Table 5.1 reports the HPLC analytical
figures of merit (HPLC-AFOMs) at the optimum excitation and emission wavelengths. Each
calibration curve was built with a minimum of five data points and each fluorescence intensity
plotted in the calibration graph was the average of three aliquot measurements. No efforts were
made to experimentally determine the upper concentration limits of the linear dynamic ranges. In
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all cases, correlation coefficients close in unity were obtained demonstrating a linear relationship
between fluorescence intensity and PASH concentration.
Table 5.1 HPLC-FL detection analytical figures of merit of PASHs in 100% acetonitrile mobile
phase a.
d
f
g
h
λbex/em
LDR
LOQ
LOD
RSD
-1
-1
-1
Retention
(nm)
(%)
(μg mL )
(μg mL ) (μg mL )
R2, e
c
PASHs
time
(mins)
DBT

286/342

2.59 ± 0.01

0.063 - 1

0.9999

0.063

0.019

2.5

BbN12T

264/352

3.75 ± 0.02

0.036 - 1

0.9933

0.036

0.010

1.5

BbN23T

274/376

4.72 ± 0.01

0.061-1

0.9970

0.061

0.018

5.6

BbN21T

277/366

5.68 ± 0.01

0.052-1

0.9990

0.052

0.016

2.4

a

Flow rate of mobile phase was 1.5 mL/min.
Excitation (λex) and emission (λem) wavelengths.
c
Retention times are the average of three sample injections; sample volume = 20 L.
d
LDR = linear dynamic range in μg mL-1 extending from the limit of quantification (LOQ) to an
arbitrarily chosen upper linear concentration.
e 2
R = Correlation coefficient obtained by fitting data to linear regression model.
f
Limit of quantitation (LOQs) were calculated using LOQ = 10SB/m.
g
Limit of detection (LODs) were calculated using LOD = 3SB/m, where SB is the standard
deviation of 3 blank measurements and m is the slope of the calibration curve.
h
Relative standard deviation (RSD) = S/I x 100, where I is the intensity and S is the standard
deviation of the average calculated from three measurements at medium linear PASH
concentrations.
b

Figure 5.3 shows a typical chromatogram recorded from a synthetic mixture of the four
PASHs under the chromatographic conditions listed in Table 5.1. All sorption studies were then
performed with a 100% acetonitrile mobile phase at a 1.5 mL/min flow rate.
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Figure 5.3 HPLC chromatogram obtained from a synthetic mixture of 0.75 μg.mL-1 DBT, 0.75
μg.mL-1 BbN12T, 0.75 μg.mL-1 BbN23T, and 0.75 μg.mL-1 BbN21T. All solutions were
prepared in acetonitrile. Sample injection volume was 20 L in all cases. Mobile phase
was 100% acetonitrile at 1.5 mL/min flow rate.
Initial attempts to separate the two PASHs (BbN23T and BbN21T) and the eight
reference compounds for the Kow studies were made with a mobile phase mixture of 85%
methanol/15% water v/v. Since various flow rates of this mobile phase were unable to elute BaP,
DBahA and I[1,2,3-cd]P from the chromatographic column, we increased the methanol content
in the mobile phase to a percentage (95% v/v) that removed the three PAHs from the column.
Figures 5.4 and 5.5 show the excitation and emission spectra of the ten compounds in the
two mobile phases used for their separation. Tables 5.2 and 5.3 summarize the HPLC-AFOMs
using an 85% methanol/15% water v/v and a 95% methanol/5% water v/v mobile phases,
respectively. All measurements were made under optimum excitation and emission wavelengths
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HPLC detection. Each calibration curve was built with a minimum of five data points and each
fluorescence intensity plotted in the calibration graph was the average of three aliquot
measurements. No efforts were made to experimentally determine the upper concentration limits
of the linear dynamic ranges. Correlation coefficients close in unity were obtained in all cases,
which demonstrate linear relationships between fluorescence intensities and analyte
concentrations.
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Figures 5.4 Excitation and fluorescence spectra of (A) 5 μg.mL-1 BbT, (B) 5 μg.mL-1 2mBbT, (C) 3 μg.mL-1 Flu, (D) 3 μg.mL-1 DBT,
(E) 3 μg.mL-1 BbN12T, (F) 5 μg.mL-1 BbN23T and (F) 3 μg.mL-1 BbN21T in 85% methanol/15% water v/v. All spectra were
recorded at room temperature with a commercial spectrofluorometer using an excitation and emission band-pass = 2 nm.
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Figures 5.5 Excitation and fluorescence spectra of (A) 0.05 μg.mL-1 BaP, (B) 1 μg.mL-1 DBahA
and (C) 2 μg.mL-1 I[1,2,3-cd]P in 95% methanol/15% water v/v. All spectra were
recorded at room temperature with a commercial spectrofluorometer using an excitation
and emission band-pass = 2 nm.
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Table 5.2 HPLC-FL detection analytical figures of merit of standards and two studied PASHs
used in the log Kow experiment in 85% methanol/15% water mobile phasea.
d
f
g
λbex/em
RSD
Retention
2,e
LDR
LOQ
LOD
h
R
c
-1
-1
-1
Compound
time
(nm)
(μg mL )
(μg mL ) (μg mL ) (%)
(mins)
0.9863
BbT
285/310 3.61 ± 0.14
0.005-1
0.005
0.001
2.9
2mBbT
278/310 5.53 ± 0.07
0.086-1.25 0.9978
0.086
0.026
2.5
Flu
252/320 8.15 ± 0.07 0.002-0.065 0.9964
0.002
0.001
4.0
DBT

286/342

8.79 ± 0.08

0.035-1

0.9989

0.035

0.011

2.1

BbN12T

264/352

22.90 ± 0.33

0.050-1

0.9852

0.050

0.015

3.2

BbN23T

274/376

38.44 ± 0.45

0.030-1

0.9903

0.030

0.009

5.3

0.9837
BbN21T
277/366 48.73 ± 0.71
0.084-1
0.084
0.003
5.5
Flow rate of mobile phase was 1.0 mL/min.
b
Excitation (λex) and emission (λem) wavelengths.
c
Retention times are the average of three sample injections; sample volume = 20 L.
d
LDR = linear dynamic range in μg mL-1 extending from the limit of quantification (LOQ) to an
arbitrarily chosen upper linear concentration.
e 2
R = Correlation coefficient obtained by fitting data to linear regression model.
f
Limit of quantitation (LOQs) were calculated using LOQ = 10SB/m.
g
Limit of detection (LODs) were calculated using LOD = 3SB/m, where SB is the standard
deviation of 3 blank measurements and m is the slope of the calibration curve.
h
Relative standard deviation (RSD) = S/I x 100, where I is the intensity and S is the standard
deviation of the average calculated from three measurements at medium linear PASH or PAH
concentrations.
a
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Table 5.3 HPLC-FL detection analytical figures of merit of the standards used in the log Kow
experiment in 95% methanol/5% water mobile phasea.
λbex/em
Compound

(nm)

BaP

384/505

DBahA

297/395

Retention
timec
(mins)
33.49 ± 0.69
62.40 ± 0.49

d

LDR

R2,e

-1

f

LOQ
-1

(μg mL )

g

LOD
-1

(μg mL ) (μg mL )

0.0007 –
0.125

0.9963

0.003-1

0.9961

h

RSD
(%)

0.0007

0.0002

4.3

0.003

0.0009

3.4

0.9939
I[1,2,3-cd]P 377/505 65.91 ± 0.95
0.017-1
0.017
0.005
2.8
a
Flow rate of mobile phase was 1.0 mL/min.
b
Excitation (λex) and emission (λem) wavelengths.
c
Retention times are the average of three sample injections; sample volume = 20 L.
d
LDR = linear dynamic range in μg mL-1 extending from the limit of quantification (LOQ) to an
arbitrarily chosen upper linear concentration.
e 2
R = Correlation coefficient obtained by fitting data to linear regression model.
f
Limit of quantitation (LOQs) were calculated using LOQ = 10SB/m.
g
Limit of detection (LODs) were calculated using LOD = 3SB/m, where SB is the standard
deviation of 3 blank measurements and m is the slope of the calibration curve.
h
Relative standard deviation (RSD) = S/I x 100, where I is the intensity and S is the standard
deviation of the average calculated from three measurements at medium linear PAH
concentrations.

Figures 5.6 and 5.7 show typical chromatograms from the two synthetic mixtures using
the appropriate mobile phases for their separation. All KOW studies were then performed with an
85% methanol/15% water v/v mobile phase for the separation of BbT, 2mBbT, Flu, DBT,
BbN12T, BbN23T, and BbN21T and with 95% methanol/5% water v/v for the analysis of BaP,
DBahA, and I[123cd]P. The flow rate of the two mobile phases was 1.0 mL/min. All calibration
curves pertaining to the HPLC AFOMs are plotted in Appendices M (100% acetonitrile mobile
phase), N (85% methanol/15% water v/v mobile phase) and O (95% methanol/5% water v/v
mobile phase) of this dissertation.
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Figure 5.6 HPLC chromatogram obtained from a synthetic mixture of 1 μg.mL-1 thiourea, 1
μg.mL-1 BbT, 1 μg.mL-1 2mBbT, 0.05 μg.mL-1 Flu, 0.75 μg.mL-1 DBT, 0.75 μg.mL-1
BbN12T, 0.75 μg.mL-1 BbN23T and 0.75 μg.mL-1 BbN21T. All solutions were prepared
in 85% methanol/15% water v/v. Sample injection volume was 20 L in all cases. Mobile
phase was 85% methanol/15% water v/v at 1.0 mL/min flow rate.
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Figure 5.7 HPLC chromatogram obtained from a synthetic mixture of 1 μg.mL-1 thiourea, 0.125
μg.mL-1 BaP, 1 μg.mL-1 DBahA and 1 μg.mL-1 I[1,2,3-cd]P. All solutions were prepared
in 95% methanol/5% water v/v. Sample injection volume was 20 L in all cases. Mobile
phase was 95% methanol/5% water v/v mobile phase at 1.0 mL/min flow rate.

5.3.2 Sorption Experiments
5.3.2.1 Sorption Kinetics of PASHs on Nylon 6 and Nylon 6-12
Figures 5.8A – 5.8D plot the qt values - i.e., the micrograms of each PASH adsorbed onto
nylon 11, nylon 6-12 and PS per gram of MP - as a function of exposure time. The qt values
were calculated according to the equation 16:
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𝑞𝑡 =

[(𝐶𝑇

𝑚𝑔 .𝐿 −1

– 𝐶𝑎𝑞

𝑚𝑔 .𝐿 −1

)(0.001𝐿)]

𝑤𝑒𝑖𝑔 𝑒𝑑 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑀𝑃 (𝑔)

∗ 1000

(16)

Where CT and Caq were the mg.L-1 concentrations of PASHs in aqueous solutions un-exposed
and exposed to MPs, respectively. All concentrations were calculated using the HPLC calibration
curves described in section 5.3.1.
In all cases, the masses of PASHs sorbed onto nylon 11 and nylon 6-12 were
approximately one order of magnitude higher than those sorbed onto PS. The statistical
equivalence of the qt values of the last two data points (P = 95%; N1 = N2 = 3) plotted in the
graphs indicates that the sorption equilibrium was achieved within 2.0 to 3hrs of exposure in all
cases.

Figure 5.8 Experimental data (values are means ± SD (n = 3)) for the sorption of (A) DBT, (B)
BbN12T, (C) BbN23T and (D) BbN21T onto three micro-plastics.
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Independent of the type of polymer, the sorption pattern of the four PASHs was similar
and followed a quick sorption at the early stage of exposure that leveled off with the progression
of time towards equilibrium. This sorption pattern is in good agreement with the three step
process previously reported for sorption process of pyrene (Pyr), on three types MPs (highdensity polyethylene (PE), polystyrene (PS) and polyvinylchloride (PVC)), which involves mass
transfer of pollutants to the external surface of solid particles, gradual interparticle diffusion into
the interior of the solid to reach the final equiibrium stage 72.
The sorption of PASHs on nylon 11 and nylon 6-12 was further studied by applying two
well-known sorption kinetic models to our experimental data. Our first attempts were to fit the
sorption data with the pseudo-first-order kinetic model
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. The linear form of the pseudo-first-

order model follows equation (17);
𝑘

1
𝑙𝑜𝑔 𝑞𝑒 − 𝑞𝑡 = 𝑙𝑜𝑔𝑞𝑒 − 2.303
𝑡

(17)

Where qe (μg/g) is the equilibrium sorption capacity, qt (μg/g) is the quantity of PASHs
sorbed at time t(h) and k1 (h-1) is the pseudo-first-order rate constant. As shown in Figures 5.9A5.9D, none of the studies compounds followed a linear trend when fitted to the pseudo-first-order
model. The lack of linear fittings can be be attributed to the limited availability of sorption sites
on the surface of the sorbents 74.
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Figure 5.9 Plots for sorption kinetics based on pseudo-first order model for (A) DBT, (B)
BbN12T, (C) BbN23T and (D) BbN21T.
Linear plots and good agreements between experimental and theoretical qe values were
obtained by fitting the data to the pseudo-second-order model 75. The linear form of the pseudosecond-order model follows equation 18;
𝑡
𝑞𝑡

=𝑘

1
2

𝑞𝑒 2

+

1
𝑞𝑒

𝑡

(18)

Where k2 is the pseudo-second-order rate constant, which can be obtained from the interecpt
(1/k2qe2) of the t/qt versus t plot. Figures 5.10A – 5.10D show the obatined plots for the sorption
of the four PASHs on nylon 6 and nylon 6-12.
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Figure 5.10 Plots for sorption kinetics based on pseudo-second order model for (A) DBT, (B)
BbN12T, (C) BbN23T and (D) BbN21T.
Table 5.4 summarizes the correlation coefficients of the t/qt versus t plots and compares
the experimental values of qe to their theoretical values obtained from the slope of the t/qt versus
t plots. Correlation coefficients close in unity were observed in all cases, and the qe values
predicted by the pseudo-second-order model were in good agreement to those obtained
experimentally. The good fittings obtained with pseudo-second-order model indicate that
chemical sorption may be the rate-limiting step in the sorption of PASHs on nylon 11 and nylon
6-12 75.
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Table 5.4 Fitting parameters of pseudo-second order model using sorption data of PASHs on
nylon 11 and nylon 6-12 as the function of time.

Sorbent
PASHs

BbN12T

BbN23T

Pseudo-second-order model
qe, calb
k2d
2,c
-1
-1 -1
R
(μg g )
(g μg h )
1.103 ± 0.070
0.988
4.299 ± 0.685

qe, expa
-1

(μg g )

nylon 6,12

1.390 ± 0.068

1.481 ± 0.107

0.985

3.902 ± 0.647

nylon 11

1.759 ± 0.179

1.714 ± 0.144

0.979

5.748 ± 1.072

nylon 6,12

2.094 ± 0.055

2.220 ± 0.090

0.995

2.734 ± 0.237

nylon 11

2.193 ± 0.305

2.124 ± 0.134

0.988

5.152 ± 0.699

nylon 6,12

2.411 ± 0.305

2.296 ± 0.079

0.997

145.9 ±
10.610

nylon 11

2.137 ± 0.061

2.328 ± 0.052

0.999

1.788 ± 0.085

nylon 6,12

2.176 ± 0.052

2.312 ± 0.156

0.986

2.102 ± 0.307

BbN21T
a

qe, exp = PASHs sorbed amount at equilibrium obtained from experiment using the eq 16.
qe, cal = PASHs sorbed amount at equilibrium obtained from pseudo-second-order model fitting
using eq 18.
c 2
R = Correlation coefficient obtained by fitting data to pseudo-second-order model.
d
k2 = Rate constant of pseudo-second- order model. It was obtained from intercept of pseudosecond-order model’s equation (eq 18).
b

The k2 constants of DBT, BbN12T and BbN21T were of the same order of magnitude
with the two types of nylons. This is an indication that the rate of sorptions of these three
compounds are similar on the two types of MPs. The same is not true for BbN23T, which
showed a much higher value of k2 in the presence of nylon 6-12 than nylon 11. This fact
indicates a significantly faster rate of sorption of BN23T in nylon 6-12 than in nylon 11. Since
the k2 of BbN23T is of the same order of magnitude as the k2 values of the other three PASHs in
the presence of nylon 11, its rate of sorption on nylon 11 is similar to the rate of sorptions of
DBT, BbN12T and BbN21T.
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5.3.2.2 Sorption Kinetics of PASHs on PS
Initially the sorption kinetics data of DBT, BbN12T, BbN23T and BbN21T on PS were
fitted to the linear forms of the pseudo-first-order and pseudo-second-order models. The results
obtained for the fittings of BbN21T data are shown in Figure 5.11 and Table 5.5. This compound
clearly followed pseudo-first-order kinetics with a model predicted qe value stastically equivalent
to its experimental value (P = 95%; N = 3). The same is not true for DBT, BbN12T and
BbN23T. As shown in Figure 5.12 and Table 5.5, the linear fittings of none of these compounds
followed the pseudo-first-order model. However, the predicted qe values were statistically
equivalent to the experimental qe values of the three compounds (P = 95%; N = 3). Data in
Figure 5.13 and Table 5.5 show better linear fittings with the pseudo-second order model for the
three compounds but the predicted qe values deviated from the experimental qe values for the
three compounds.
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Figure 5.11 BbN21T sorption kinetics on PS based on pseudo-first order model (A) and pseudosecond order model (B).
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Table 5.5 Fitting parameters of pseudo-first order and pseudo-second order models using sorption data of PASHs on polystyrene as
the function of time.

PASHs

qe, expa
-1

(μg g )

Pseudo-first-order model
qe, calb

-1

(μg g )

R

2,c

Pseudo-second-order model
k1d

qe, cal e

(h )

(μg g )

-1

-1

R

2,f

k2g
-1

-1

(g μg h )

DBT

0.2557 ± 0.0504

0.2176 ± 0.071

0.845

1.078 ± 0.267

0.3298 ± 0.047

0.943

3.735 ± 2.865

BbN12T

0.3277 ± 0.0543

0.3451 ± 0.110

0.888

1.271 ± 0.261

0.5042 ± 0.145

0.801

1.447 ± 1.605

BbN23T

0.3551 ± 0.0682

0.4961 ± 0.371

0.914

3.777 ± 1.159

0.5476 ± 0.149

0.932

2.485 ± 1.893

BbN21T

0.5236 ± 0.0858

0.6343 ± 0.192

0.983

2.548 ± 0.332

0.8382 ± 0.348

0.853

1.419 ± 0.150

a

qe, exp = PASHs sorbed amount at equilibrium obtained from experiment using the eq 16.
qe, cal = PASHs sorbed amount at equilibrium obtained from pseudo-first-order model fitting using eq 17.
c 2
R = Correlation coefficient obtained by fitting data to pseudo-first-order model.
d
k1 = Rate constant of pseudo-first order model. It was obtained from slope of pseudo-first-order model’s equation (eq 17).
e
qe, cal = PASHs sorbed amount at equilibrium obtained from pseudo-second-order model fitting using eq 18.
f 2
R = Correlation coefficient obtained by fitting data to pseudo-second-order model.
g
k2 = Rate constant of pseudo-second- order model. It was obtained from intercept of pseudo-second-order model’s equation (eq 18).
b
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Figure 5.12 PS sorption kinetics based on pseudo-first order model for DBT (A), BbN12T (B)
and BbN23T (C).

Figure 5.13 PS sorption kinetics based on pseudo-second order model for DBT (A), BbN12T
(B) and BbN23T (C).
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According to a previous report

76

, the poor fittings observed with the pseudo-first-order

model are due to an inherent limitation of the method. When qt approaches qe, the value of (qe qt) approaches zero and the uncertainty of the log(qe - qt) term increases to an extent that
compromises the accuracy of the fitting. Since more than half of our data points for DBT,
BbN12T and BbN23T were very close to equilibrium, the rather large uncertainties of the log(qe
- qt) terms probably led to the non-linear fittings observed in Figure 5.12. The better fitings
observed with the pseudo-second-order model can be attributted to the nature of the plot, which
provides an inherent smoothing of the fit near equilibrium; i.e. as qt approaches qe 76.
According to the authors 76, the solution to this problem is to compare the fittings of the
two models with non-linear equations for the prediction of F(t), a new quantity known as the
fractional uptake. Whichever model provides the best R2 value is the model that best describes
the sorption kinetics of the system under investigation. The fractional uptake with respect to
equilibrium is defined as:
𝐹 𝑡 = 𝑞(𝑡)/𝑞𝑒

(19)

The non-linear equations for the pseudo-first-order (k1) and pseudo-second-order (k2) models are
given by:
𝐹 𝑡 = 1 − 𝑒 −𝑘 1 𝑡

(20)

and
𝑘∗𝑡

𝐹(𝑡) = 1+ 2𝑘 ∗ 𝑡
2

Where 𝑘2∗ = 𝑘2 𝑞𝑒 .
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(21)

Figure 5.14 shows the non-linear fittings obtaned for the DBT, BbN12T and BbN23T.
Table 5.6 compares the correlation coefficients of the fittings obtained with the linear and the
non-linear equations of the two models. In all cases, the best fittings were obtained with the nonlinear equation of the pseudo-first-order model (k1). Since these results are in good agreement
with the statistical equivalence of the experimental and predicted qe values shown in Table 5.7,
we can conclude that pseudo-first-order model is the most appropriate model to describe the
sorption kinetics of DBT, BbN12T and BbN23T on PS.

Figure 5.14 PS sorption kinetics using non-linear pseudo first and second order models for DBT
(A), BbN12T (B) and BbN23T (C) ; (•) = data for F; solid line = result of fit with K1
(Eq. 20); dashed line = result of fit with K2 (Eq. 21).
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Table 5.6 Results of linear and nonlinear equation fittings of the two models for sorption kinetics
data of DBT, BbN12T and BbN23T on PS.
PASHs

DBT

BbN12T

BbN23T

2

Rate law

Equation

R

K1a

linear

0.845

K1 b

non-linear

0.964

K2 c

linear

0.943

K2 d

non-linear

0.933

K1 a

linear

0.888

K1 b

non-linear

0.939

K2 c

linear

0.801

K2 d

non-linear

0.886

K1 a

linear

0.914

K1 b

non-linear

0.976

K2 c

linear

0.932

K2 d

non-linear

0.923

a

K1 = Linear equation of pseudo-first-order model (eq 17).
K1 = Non-linear equation of pseudo-first-order model (eq 20).
c
K1 = Linear equation of pseudo-second-order model (eq 18).
d
K1 = Non-linear equation of pseudo-second-order model (eq 21).
b
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Table 5.7 Statistical equivalence of the qeexp and qe predicted from the models for PS.
Statistical Equivalencea (texp)
PASHS

a

Pseudo First Order

Pseudo Second Order

DBT

Yes (1.31)

Yes (2.55)

BbN12T

Yes (0.56)

No (5.63)

BbN23T

Yes (3.58)

No (86.9)

BbN21T

Yes (2.23)

No (6.35)

tcritical =2.78 (α = 0.05; N1 = N2 = 3).

5.3.2.3 Sorption Partition Coefficient of PASHs on Microplastics
Polychlorinated biphenyl’s (PCB’s), dichloro-diphenyl-trichloroethane (DDT) and
polycyclic aromatic hydrocarbons (PAHs) have shown a strong tendency to sorb onto MPs in
aquatic ecosystems due to their hydrophobicity towards aqueous environments

77

. Since the

sorption capacity of PASHs onto MPs has not been evaluated yet, we decided to measure the
partitioning coefficients of DBT, BbN12T, BbN23T and BbN21T onto nylon 6, nylon 6-12 and
PS. The partitioning coefficients (KMP) were calculated as follows 78:
𝐶

𝐾𝑀𝑃 = 𝐶𝑠

(22)

𝑒

Where Cs (mg.g–1) and Ce (mg.L–1) are the concentrations of PASHs sorbed on microplastics
and dissolved in the aqueous phase at equilibrium, respectively. Ce was calculated from HPLC
calibration curve described in section 5.3.1, and Cs was calculated using the following equation:

𝐶𝑆 =

[(𝐶𝑇

𝑚𝑔 .𝐿 −1

– 𝐶𝑎𝑞

𝑚𝑔 .𝐿 −1

)(0.001𝐿)]

𝑤𝑒𝑖𝑔 𝑒𝑑 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑀𝑃 (𝑔)
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(23)

Where, CT and Caq were the mg.L-1 concentrations of PASHs in aqueous solutions before and
after exposure to MPs, respectively. All concentrations were calculated using the HPLC
calibration curves described in section 5.3.1.
Table 5.8 summarizes the KMP of the studied PASHs. A visual comparison of the KMP
values is provided in Figure 5.15. The sorption capacities of the four compounds showed similar
trends with the three types of MPs, i.e., the KMP values with the two types of nylon MPs were
considerably higher than with PS. The largest differences were observed with BbN23T, which
showed KMP with nylon 11 and nylon 6,12 approximately two orders of magnitude larger than
with PS. The KMP of DBT and BbN12T were of the same order of magnitude with the three types
of MPs. The KMP of BbN21T with nylon 11 was of the same order of magnitude as those
observed for DBT and BbN12T but one order of magnitude lower than its KMP with nylon 6-12.
The highest KMP values were observed for BbN23T and BbN21T with nylon 6,12.
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Table 5. 8 Partition coefficients of studied PASHs on microplastics.
PASHs

Sorbent
Nylon 11

DBT

BbN12T

BbN23T

BbN21T

a

a

-1

KMP (L. g )

1.77 x 10

-3

± 6.56 x 10

-3

-5

-4

-5

Nylon 6,12

3.04 x 10 ±8.82 x 10

Polystyrene

3.62 x 10 ± 5.78 x 10

Nylon 11

5.53 x 10 ± 2.2 x 10

Nylon 6,12

9.63 x 10 ± 4.34 x 10

Polystyrene

6.01 x 10 ± 8.70 x 10

Nylon 11

1.38 x 10 ± 2.29 x 10

Nylon 6,12

1.55 x 10 ± 2.59 x 10

Polystyrene

8.33 x 10 ± 2.80 x 10

Nylon 11

7.68 x 10 ± 2.82 x 10

Nylon 6,12

1.34 x 10 ± 7.52 x 10

Polystyrene

1.45 x 10 ± 1.24 x 10

KMP was calculated by eq 22. KMP = Cs/Ce
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-5

-3

-4

-3

-4

-4

-5

-2

-3

-2

-3

-4

-4

-3

-4

-2

-4

-4

-4

Figure 5.15 Partitioning coefficients of PASHs to MPs calculated by equation 22.
The observed differences on the sorption of the PASHs stress the importance of their
molecular structure as well as the chemical composition of the MPs. The significantly lower
sorption capacity of PS could be to be attributed to presence of the benzene ring in its polymeric
backbone 79. By reducing the segmental mobility within the PS chain, the benzene ring restricts
the migration of chemicals within the polymer backbone. Since nylon 11 and nylon 6,12 do not
have bulky functional groups in their polymeric backbone, their considerably higher sorption
affinity for DBT, BbN12T, BbN23T and BbN21T could be partially attributed to the lack of
mobility restrictions.
An additional consideration that supports our observations is the possible formation of
hydrogen bonding between the sulfur atom of PASHs and the two functional groups (amide and
carbonyl) of nylon MPs

80,81

. In comparison to nylon 11, the larger number of amide and
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carbonyl groups in the polymeric unit of nylon 6,12 (see Figure 5.1B) probably contributes to the
highest KMP observed with this MP and all the studied compounds.
5.3.3 Correlation Between Sorption Coefficients (KMP) and Octanol-water Partition
Coefficients (KOW)
Another parameter that should be considered to understand the sorption of organic
pollutants on MPs is the octanol-water partition coefficient (Kow), which is defined as follows:
𝐶

𝐾𝑜𝑤 = 𝐶𝑂

(24)

𝑤

Where, CO and CW are the concentrations of the pollutants in n-octanol and water, respectively.
Since Kow serves as a measure of hydrophobicity, the sorption coefficient of an organic pollutant
on a MP should correlate directly to its Kow in an aqueous environment

82

. The Kow values of

DBT (log KOW = 4.36) and BbN12T (log KOW = 5.19) have been reported in the literature 70. The
same is not true for BbN21T and BbN23T. Their octanol-water partition coefficients were then
obtained following HPLC methodology that determined unknown Kow values by plotting
experimental values of capacity factors (k') from reference compounds with known log Kow
values

71

. According to this method, the reference compounds should include a heterogeneous

group of chemicals structurally related to the analytes of interest.
Table 5.9 lists the reference compounds selected for our studies. Their capacity factors
were obtained from the HPLC retention times using the following equation:
𝑘′ =

𝑡 𝑅 −𝑡 0
𝑡0

(25)

Where tR is the retention time of the reference compound and t0 is the dead time of thiourea, a
compound that is not retained by the stationary phase of the HPLC column.
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Table 5.9 Data used to construct calibration curve between log k' and log Kow values of
reference compounds.
Compound
Log k'
Log Kow (lit)

BbTa

-0.055 ± 0.040

3.17c

2-m BbTa

0.274 ± 0.010

3.71c

Flua

0.511 ± 0.007

4.18d

DBTa

0.554 ± 0.007

4.36c

BbN12Ta

1.039 ±0.009

5.19c

BaPb

1.033 ± 0.013

5.97c

DB[a,h]Ab

1.322 ± 0.005

6.50d

I[1,2,3-cd]Pb

1.346 ± 0.009

6.95d

a

BbT, 2mBbT, Flu, DBT and BbN12T were separated using 85% methanol/15% water at a flow
rate of 1.0 mL/min and their k' (capacity factor) values were calculated under these conditions
using eq 25.
b
BaP, DB[a,h]A and I[1,2,3-cd]P were separated using 95% methanol/5% water at a flow rate of
1.0 mL/min and their k' (capacity factor) values were calculated under these condition using eq
10.
c
Taken from Ref 70.
d
Taken from Ref 83.

Figure 5.16 shows the calibration plot of the data in Table 5.9, which yielded the
following linear equation via the least-squares method:
𝑦 = 2.6199𝑥 + 3.0312
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(26)

Although BbN12T and I[1,2,3-cd]P deviated considerably from an ideal fit, the
correlation coefficient of the linear plot was still acceptable (R2 = 0.9500) for the purpose at
hand.

Figure 5.16 Calibration curve between log k' and log Kow values of reference compounds using
the data reported in Table 5.9 .
The experimental values of KOW of reference compounds in the mobile phases of the
separation – i.e., 85% methanol/15% water v/v for BbT, 2mBbT, Flu, DBT and BbN12T and
95% methanol/5% water v/v for BaP, DBahA, and I[123cd]P – are listed in Table 5.10.
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Table 5.10 Experimental octanol-water partition coefficients of reference compounds.
Compound

Log Kow (exp)c

S.E.d

BbTa

2.93

0.14

2-m BbTa

3.79

0.13

Flua

4.37

0.15

DBTa

4.51

0.15

BbN12Ta

5.75

0.19

BaPb

5.76

0.19

DB[a,h]Ab

6.50

0.23

I[1,2,3-cd]Pb

6.57

0.23

a

BbT, 2mBbT, Flu, DBT and BbN12T were separated using 85% methanol/15% water at a flow
rate of 1.0 mL/min.
b
BaP, DB[a,h]A and I[1,2,3-cd]P were separated using 95% methanol/5% water at a flow rate of
1.0 mL/min.
c
Experimental log Kow values were obtained by eq 26 uisng the log k' values reported in Table
5.9.
d
Standard error = σ/(n)1/2; where σ = standard deviation of log Kow exp and n = no. of
observations of sample.
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Figure 5.17 shows a graphical plot of the logKOW values experimentally obtained versus
the literature values. The linear regression of the plotted data provided the following
equation: 𝑦 = 1𝑥 + 2𝐸 − 05 with a correlation coefficient of 0.9500. Both the slope and the
correlation coefficient obtained via the least-squares method demonstrate the good agreement
between our experimental data and the literature values reported previously 70,83.

Figure 5.17 Graphical plot of reference compounds between log Kow exp (obtained from linear
regression equation 26) and log Kow literature values.

The log Kow values of BbN23T (6.38 ± 0.382) and BbN21T (6.67 ± 0.405) were then
calculated from their capacity factors (BbN23T = 1.28 ± 0.007 and BbN21T = 1.39 ± 0.009)
using equation 26. Both KOW are statistically equivalent with 95% of probability (N1 = N2 = 3).
A visual comparison of data reported in Table 5.8 shows KMP of the same order of magnitude for
these two compounds in the presence of PS and nylon 6,12. The same is not true for nylon 11.
This fact indicates that not only the hydrophobicity of PASHs but also their molecular structures
89

and the type of polymer should be considered for further understanding their sorption behavior
on MPs.
5.3.4 Desorption Experiments
Figure 5.18 summaries the HPLC results obtained from the desorption experiments.
Since no attempts were made to separate the components of sea water, only one peak was
observed from the sample matrix. Other than the peak due to synthetic water, no other peaks
were observed in the chromatograms from samples with and without sonication. Although the
sorption of PASHs on MPs appears to be an irreversible process in sea water environments,
future studies should consider other environmental factors such as possible desorption due to
photochemical processes involving sun light irradiation.

Figure 5.18 Chromatograms for the desorption of PASHs from MPs using synthetic seawater.
(A) desorption was done without sonication and (B) desorption was done with sonication.
Chromatograms are normalized for signal intensity.
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5.4

Conclusion
The widespread abundance and perennial persistence of plastics in natural ecosystems

has long been a subject of concern. The first reports on the sorption of chemical contaminants to
MPs in aquatic environments date back to the 1970s to 1980s 84. Although the number of articles
in this field has grown exponentially in the past decades, no reports exist on the sorption of
PASHs to MPs. Due to the strong sorption of DBT, BbN12T, BbN21T and BbN23T on nylon
11, nylon 6-12 and PS, the co-existence of toxic PASHs and MPs in marine environments
appears to be a relevant issue. Since none of the studied compounds showed significant
desorption from the three types of plastics, MPs can act as an extra compartment for the
partitioning of PASHs and, therefore, their fate and bioavailability in aquatic ecosystems.
Independent of the type of MP, the sorption pattern of DBT, BbN12T, BbN21T and
BbN23T followed a step-like process consisting of mass transfer of the pollutant to the external
surface of the MP particles, and gradual interparticle diffusion into the interior of the solid
particles to reach the final equilibrium stage. On the other end, the sorption kinetics of the
studied compounds showed to be intrinsically related to the physicochemical properties of both
the PASH and the MP. While the sorption rates of the four PASHs on PS were best described
with the pseudo-first-order model, their sorption rates on nylon 11 and nylon 6-12 were best
fitted with the pseudo-second-order model. The sorptions rates of DBT, BbN12T and BbN21T
were similar on nylon 11 and nylon 6-12. The same is not true for BbN23T, which showed a
significantly faster rate of sorption in nylon 6-12 than in nylon 11. Its rate of sorption in nylon 11
was similar to the rate of sorptions of DBT, BbN12T and BbN21T.
The role of hydrophobic interactions on the sorption mechanisms of DBT, BbN12T,
BbN21T and BbN23T on the three types of MPs was investigated as well. The partition
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coefficients of the four compounds with the two types of nylons were considerably higher than
with PS. The largest differences - approximately two orders of magnitude - were observed with
BbN23T. DBT and BbN12T showed partition coefficients of the same order of magnitude with
the three types of MPs. The partition coefficient of BbN21T with nylon 11 was of the same order
of magnitude as those observed for DBT and BbN12T, but one order of magnitude lower than its
partition coefficient with nylon 6-12. The highest partition coefficients were observed for
BbN23T and BbN21T with nylon 6 -12.
The observed differences stress the importance of the molecular structure of PASHs as
well as the chemical composition of the MPs. The significantly lower sorption capacity of PS
could be to be attributed to presence of the benzene ring in its polymeric backbone. By reducing
the segmental mobility within the PS chain, the benzene ring restricts the migration of chemicals
within the polymer backbone. Since nylon 11 and nylon 6-12 do not have bulky functional
groups in their polymeric backbone, their considerably higher sorption affinity for DBT,
BbN12T, BbN23T and BbN21T could be partially attributed to the lack of mobility restrictions.
An additional consideration is the possible formation of hydrogen bonding between the sulfur
atom of PASHs and the two functional groups (amide and carbonyl) of nylon MPs. In
comparison to nylon 11, the larger number of amide and carbonyl groups in the polymeric unit of
nylon 6-12 probably contributes to the highest KMP observed with this MP and all the studied
compounds. These observations are in good agreement with the octanol-water partition
coefficients of the four studied compounds.
Future studies in our lab will investigate the role of environmental factors known to affect
the sorption of organic pollutants in aquatic environments. These include temperature and
aquatic medium composition, MPs degradation, biofilm formation on the surface of MPs and the
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presence and possible competition of other pollutants that can affect the processes and rates of
the sorption of PASHs to MPs.
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CHAPTER 6

CONCLUSION AND FUTURE WORK

The analysis of environmental samples subjected to oil spills is of extreme importance to
avoid exposure to toxic chemicals, predict immediate and long-term environmental risks, and
establish remediation policies. Particularly difficult is the analysis of polycyclic aromatic
compounds such as PAHs and PASHs. Established methodology is based on RPLC coupled to
UV-VIS absorption and fluorescence detection. Since the selectivity of commercially available
detectors coupled to HPLC instrumentation is rather modest, the identification of target PAHs
and PASHs requires further analysis of RPLC fractions via GC-MS. Unfortunately, the coelution of multiple structural isomers with similar GC retention times and virtually identical
mass fragmentation patterns challenges the unambiguous determination of the most toxic PAH
and PASH isomers.
To aid with the GC-MS analysis of environmental extracts from oil contaminated
samples, pervious research in our lab developed a sample clean-up procedure based on NPLC
22,23

. The NPLC analysis of combustion related SRMs 1597, 1991 and 1597a showed the co-

elution of P12T, P34T, P43T, and P910T in fraction 6 and the co-elution of P21T, P23T, and
P32T in fraction 7 of the NPLC procedure

23

. Although the individual identification of the co-

eluted compounds in fractions 6 and 7 was achieved via GC-MS, the numerous experimental
steps of the entire chromatographic procedure open ample opportunities for random errors that
compromise the reproducibility of measurements, poor analytical recoveries due to analyte loss,
and lengthy experimental procedures with total analysis times ranging from 3 to 4 hours per
sample.
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This dissertation presents an alternative approach that requires no further GC separation
of NPLC fractions. The heavy atom effect due to the sulfur atom in the molecular structure of
PTs, associated to the rigidity of the frozen sample (77 K or 4.2 K), promotes strong
phosphorescence for the determination of PTs at ppb concentration levels. The use of a 40 μs
delay after the excitation pulse removes fluorescence interference from co-eluting species in the
NPLC fraction. Interference from co-eluting phosphors is handled with the aid of PARAFAC;
i.e. a multivariate algorithm with the ability to handle time-resolved phosphorescence EEMs.
These features provide a straightforward procedure based on recording 77 K phosphorescence
EEMs with great potential to determine PASHs in NPLC fractions. Future studies in our lab will
gather a spectral database for the direct application of PARAFAC to the routine analysis of
PASHs in numerous samples.
The first reports on the sorption of chemical contaminants to MPs date back to the 1970s
to 1980s. Although no literature reports exist on the sorption of PASHs to MPs in aquatic
environments, the strong sorption of DBT, BbN12T, BbN21T and BbN23T on nylon 11, nylon
6-12 and PS demonstrated in this dissertation supports further investigations on the effect of
environmental factors on the mechanisms and rates of sorption processes. Since none of the
studied compounds showed significant desorption from the three types of plastics, it is possible
that MPs offer an extra compartment for the partitioning of toxic PASHs that affects their fate
and bioavailability in aquatic ecosystems.
Intriguing is the possibility to directly determine target PASHs from the surface of MPs
without previous solvent extraction and chromatographic separation. The use of cryogenic FOPs
provides a direct path to explore the multidimensionality of photoluminescence spectroscopy for
the analysis of polycyclic aromatic compounds adsorbed on the surface of MPs.
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APPENDIX A: ROOM-TEMPERATURE STEADY STATE SPECTRA OF
PHENANTHRO-THIOPHENES RECORDED WITH THE CW LAMP
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Figure A-1: Room Temperature excitation and fluorescence spectra of 625 ng.mL-1 P12T
recorded with the CW lamp from pure standards in n-ocatne. Excitation and emission band-pass
was 2nm. Spectra were recorded with the aid of 1cm quartz cuvette.
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Figure A-2: Room Temperature excitation and fluorescence spectra of 625 ng.mL-1 P21T
recorded with the CW lamp from pure standards in n-ocatne. Excitation and emission band-pass
was 2nm. Spectra were recorded with the aid of 1cm quartz cuvette.

98

Figure A-3: Room Temperature excitation and fluorescence spectra of 625 ng.mL-1 P23T
recorded with the CW lamp from pure standards in n-ocatne. Excitation and emission band-pass
was 2nm. Spectra were recorded with the aid of 1cm quartz cuvette.
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Figure A-4: Room Temperature excitation and fluorescence spectra of 312 ng.mL-1 P32T
recorded with the CW lamp from pure standards in n-ocatne. Excitation and emission band-pass
was 2nm. Spectra were recorded with the aid of 1cm quartz cuvette.
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Figure A-5: Room Temperature excitation and fluorescence spectra of 500 ng.mL-1 P34T
recorded with the CW lamp from pure standards in n- heptane. Excitation and emission bandpass was 2 nm. Spectra were recorded with the aid of 1 cm quartz cuvette.
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Figure A-6: Room Temperature excitation and fluorescence spectra of 500 ng.mL-1 P43T
recorded with the CW lamp from pure standards in n- heptane. Excitation and emission bandpass was 2 nm. Spectra were recorded with the aid of 1 cm quartz cuvette.
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Figure A-7: Room Temperature excitation and fluorescence spectra of 500 ng.mL-1 P910T
recorded with the CW lamp from pure standards in n- heptane. Excitation and emission bandpass was 2 nm. Spectra were recorded with the aid of 1 cm quartz cuvette.
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APPENDIX B: 77 K STEADY STATE SPECTRA OF PHENANTHROTHIOPHENES RECORDED WITH THE CW LAMP
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Figure B-1: 77 K excitation and emission spectra of 150 ng.mL-1 P12T recorded with the CW
lamp from pure standards in n-ocatne. Excitation and emission band-pass was 2nm. Spectra were
recorded with the aid of the fiber optic probe. Spectra are normalized for signal intensity.
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Figure B-2: 77 K excitation and emission spectra of 250 ng.mL-1 P21T recorded with the CW
lamp from pure standards in n-ocatne. Excitation and emission band-pass was 2nm. Spectra were
recorded with the aid of the fiber optic probe. Spectra are normalized for signal intensity.
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Figure B-3: 77 K excitation and emission spectra of 400 ng.mL-1 P23T recorded with the CW
lamp from pure standards in n-ocatne. Excitation and emission band-pass was 2nm. Spectra were
recorded with the aid of the fiber optic probe. Spectra are normalized for signal intensity.
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Figure B-4: 77 K excitation and emission spectra of 100 ng.mL-1 P32T recorded with the CW
lamp from pure standards in n-ocatne. Excitation and emission band-pass was 2nm. Spectra were
recorded with the aid of the fiber optic probe. Spectra are normalized for signal intensity.
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Figure B-5: 77 K excitation and emission spectra of 150 ng.mL-1 P34T recorded with the CW
lamp from pure standards in n- heptane. Excitation and emission band-pass was 2 nm. Spectra
were recorded with the aid of the fiber optic probe. Spectra are normalized for signal intensity.
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Figure B-6: 77 K excitation and emission spectra of 150 ng.mL-1P43T recorded with the CW
lamp from pure standards in n- heptane. Excitation and emission band-pass was 2 nm Spectra
were recorded with the aid of the fiber optic probe. Spectra are normalized for signal intensity.
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Figure B-7: 77 K excitation and emission spectra of 250 ng.mL-1 P910T recorded with the CW
lamp from pure standards in n- heptane. Excitation and emission band-pass was 2 nm. Spectra
were recorded with the aid of the fiber optic probe. Spectra are normalized for signal intensity.
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APPENDIX C: 4.2 K STEADY STATE SPECTRA OF PHENANTHROTHIOPHENES RECORDED WITH THE CW LAMP
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Figure C-1: 4.2 K excitation and emission spectra of 100 ng.mL-1 P12T recorded with the CW
lamp from pure standards in n-ocatne. Excitation and emission band-pass was 2nm. Spectra were
recorded with the aid of the fiber optic probe. Spectra are normalized for signal intensity.
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Figure C-2: 4.2 K excitation and emission spectra of 150 ng.mL-1 P21T recorded with the CW
lamp from pure standards in n-ocatne. Excitation and emission band-pass was 2nm. Spectra were
recorded with the aid of the fiber optic probe. Spectra are normalized for signal intensity.
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Figure C-3: 4.2 K excitation and emission spectra of 400 ng.mL-1 P23T recorded with the CW
lamp from pure standards in n-ocatne. Excitation and emission band-pass was 2nm. Spectra were
recorded with the aid of the fiber optic probe. Spectra are normalized for signal intensity.
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Figure C-4: 4.2 K excitation and emission spectra of 100 ng.mL-1 P32T recorded with the CW
lamp from pure standards in n-ocatne. Excitation and emission band-pass was 2nm. Spectra were
recorded with the aid of the fiber optic probe. Spectra are normalized for signal intensity.
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Figure C-5: 4.2 K excitation and emission spectra of 150 ng.mL-1 P34T recorded with the CW
lamp from pure standards in n- heptane. Excitation and emission band-pass was 2 nm. Spectra
were recorded with the aid of the fiber optic probe. Spectra are normalized for signal intensity.
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Figure C-6: 4.2 K excitation and emission spectra of 150 ng.mL-1P43T recorded with the CW
lamp from pure standards in n- heptane. Excitation and emission band-pass was 2 nm. Spectra
were recorded with the aid of the fiber optic probe. Spectra are normalized for signal intensity.
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Figure C-7: 4.2 K excitation and emission spectra of 250 ng.mL-1 P910T recorded with the CW
lamp from pure standards in n- heptane. Excitation and emission band-pass was 2 nm. Spectra
were recorded with the aid of the fiber optic probe. Spectra are normalized for signal intensity.
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APPENDIX D: ROOM-TEMPERATURE FLUORESCENCE
CALIBRATION CURVES OF PHENANTHRO-THIOPHENES
RECORDED WITH THE CW LAMP
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Figure D-1: Room temperature steady-state calibration curve of P12T in n-octane.
Measurements were made using maximum excitation (275nm) and emission (380nm)
wavelengths; excitation and emission band-pass = 2nm. Cut-off filter with λC = 355nm.

121

Figure D-2: Room temperature steady-state calibration curve of P21T in n-octane.
Measurements were made using maximum excitation (320 nm) and emission (383 nm)
wavelengths; excitation and emission band-pass = 2nm. Cut-off filter with λC = 355nm.
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Figure D-3: Room temperature steady-state calibration curve of P23T in n-octane.
Measurements were made using maximum excitation (284 nm) and emission (368 nm)
wavelengths; excitation and emission band-pass = 2nm. Cut-off filter with λC = 310nm.
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Figure D-4: Room temperature steady-state calibration curve of P32T in n-octane.
Measurements were made using maximum excitation (283 nm) and emission (372 nm)
wavelengths; excitation and emission band-pass = 2nm. Cut-off filter with λC = 310nm.
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Figure D-5: Room temperature steady-state calibration curve of P34T in n-heptane.
Measurements were made using maximum excitation (279 nm) and emission (367 nm)
wavelengths; excitation and emission band-pass = 2nm. Cut-off filter with λC = 310nm.
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Figure D-6: Room temperature steady-state calibration curve of P43T in n-heptane.
Measurements were made using maximum excitation (317 nm) and emission (363 nm)
wavelengths; excitation and emission band-pass = 2nm.
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Figure D-7: Room temperature steady-state calibration curve of P910T in n-heptane.
Measurements were made using maximum excitation (291 nm) and emission (363 nm)
wavelengths; excitation and emission band-pass = 2nm.
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APPENDIX E: 77 K FLUORESCENCE CALIBRATION CURVES OF
PHENANTHRO-THIOPHENES RECORDED WITH THE CW LAMP
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Figure E-1: 77 K Steady-state calibration curve of P12T in n-octane. Measurements were made
using maximum excitation (277nm) and emission (381nm) wavelengths; excitation and emission
band-pass = 2nm. Cut-off filter with λC = 335nm.
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Figure E-2: 77 K Steady-state calibration curve of P21T in n-octane. Measurements were made
using maximum excitation (320 nm) and emission (374 nm) wavelengths; excitation and
emission band-pass = 2nm. Cut-off filter with λC = 335nm.
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Figure E-3: 77 K Steady-state calibration curve of P23T in n-octane. Measurements were made
using maximum excitation (288 nm) and emission (390 nm) wavelengths; excitation and
emission band-pass = 2nm. Cut-off filter with λC = 335nm.
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Figure E-4: 77 K Steady-state calibration curve of P32T in n-octane. Measurements were made
using maximum excitation (287 nm) and emission (373 nm) wavelengths; excitation and
emission band-pass = 2nm. Cut-off filter with λC = 335nm.
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Figure E-5: 77 K Steady-state calibration curve of P34T in n-heptane. Measurements were made
using maximum excitation (281 nm) and emission (362 nm) wavelengths; excitation and
emission band-pass = 2nm. Cut-off filter with λC = 310 nm.
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Figure E-6: 77 K Steady-state calibration curve of P43T in n-heptane. Measurements were made
using maximum excitation (322 nm) and emission (361 nm) wavelengths; excitation and
emission band-pass = 2nm.
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Figure E-7: 77 K Steady-state calibration curve of P910T in n-heptane. Measurements were
made using maximum excitation (313 nm) and emission (370 nm) wavelengths; excitation and
emission band-pass = 2nm.

135

APPENDIX F: 4.2 K FLUORESCENCE CALIBRATION CURVES OF
PHENANTHRO-THIOPHENES RECORDED WITH THE CW LAMP
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Figure F-1: 4.2 K Steady-state calibration curve of P12T in n-octane. Measurements were made
using maximum excitation (277nm) and emission (381nm) wavelengths; excitation and emission
band-pass = 2nm. Cut-off filter with λC = 335nm.
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Figure F-2: 4.2 K Steady-state calibration curve of P21T in n-octane. Measurements were made
using maximum excitation (321 nm) and emission (374 nm) wavelengths; excitation and
emission band-pass = 2nm.
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Figure F-3: 4.2 K Steady-state calibration curve of P23T in n-octane. Measurements were made
using maximum excitation (288 nm) and emission (390 nm) wavelengths; excitation and
emission band-pass = 2nm. Cut-off filter with λC = 335nm.
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Figure F-4: 4.2 K Steady-state calibration curve of P32T in n-octane. Measurements were made
using maximum excitation (287 nm) and emission (373 nm) wavelengths; excitation and
emission band-pass = 2nm. Cut-off filter with λC = 310 nm.
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Figure F-5: 4.2 K Steady-state calibration curve of P34T in n-heptane. Measurements were
made using maximum excitation (281 nm) and emission (362 nm) wavelengths; excitation and
emission band-pass = 2nm. Cut-off filter with λC = 310nm.
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Figure F-6: 4.2 K Steady-state calibration curve of P43T in n-heptane. Measurements were
made using maximum excitation (322 nm) and emission (361 nm) wavelengths; excitation and
emission band-pass = 2nm.
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Figure F-7: 4.2 K Steady-state calibration curve of P910T in n-heptane. Measurements were
made using maximum excitation (313 nm) and emission (370 nm) wavelengths; excitation and
emission band-pass = 2nm.
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APPENDIX G: 77 K PHOSPHORESCENCE DECAY CURVES OF
PHENANTHRO-THIOPHENES RECORDED WITH PULSED LAMP
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Figure G-1: 77 K phosphorescence decay curve of P12T in n-octane.

Figure G-2: 77 K phosphorescence decay curve of P21T in n-octane.
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Figure G-3: 77 K phosphorescence decay curve of P23T in n-octane.

Figure G-4: 77 K phosphorescence decay curve of P32T in n-octane.
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Figure G-5: 77 K phosphorescence decay curve of P34T in n-heptane.

Figure G-6: 77 K phosphorescence decay curve of P43T in n-heptane.
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Figure G-7: 77 K phosphorescence decay curve of P910T in n-heptane.
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APPENDIX H: 4.2 K PHOSPHORESCENCE DECAY CURVES OF
PHENANTHRO-THIOPHENES RECORDED WITH PULSED LAMP
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Figure H-1: 4.2 K phosphorescence decay curve of P12T in n-octane.

Figure H-2: 4.2 K phosphorescence decay curve of P21T in n-octane.
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Figure H-3: 4.2 K phosphorescence decay curve of P23T in n-octane.

Figure H-4: 4.2 K phosphorescence decay curve of P32T in n-octane.
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Figure H-5: 4.2 K phosphorescence decay curve of P34T in n-heptane.

Figure H-6: 4.2 K phosphorescence decay curve of P43T in n-heptane.
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Figure H-7: 4.2 K phosphorescence decay curve of P910T in n-heptane.
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APPENDIX I: 77 K CALIBRATION CURVES OF PHENANTHROTHIOPHENES RECORDED WITH PULSED LAMP
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Figure I-1: 77 K phosphorescence calibration curve of P12T in n-octane. Measurements were
made using maximum excitation (275 nm) and emission (515 nm) wavelengths; excitation and
emission band-pass = 4nm, delay= 0.04 ms, gate = 9ms, number of excitation pulses per data
point = 10. Cut-off filter with λC = 310nm.
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Figure I-2: 77 K phosphorescence calibration curve of P21T in n-octane. Measurements were
made using maximum excitation (262 nm) and emission (487 nm) wavelengths; excitation and
emission band-pass = 4nm, delay= 0.04 ms, gate = 9ms, number of excitation pulses per data
point = 10. Cut-off filter with λC = 310nm.
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Figure I-3: 77 K phosphorescence calibration curve of P23T in n-octane. Measurements were
made using maximum excitation (288 nm) and emission (546 nm) wavelengths; excitation and
emission band-pass = 4nm, delay= 0.04 ms, gate = 9ms, number of excitation pulses per data
point = 10. Cut-off filter with λC = 310nm.
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Figure I-4: 77 K phosphorescence calibration curve of P32T in n-octane. Measurements were
made using maximum excitation (287 nm) and emission (530 nm) wavelengths; excitation and
emission band-pass = 4nm, delay= 0.04 ms, gate = 9ms, number of excitation pulses per data
point = 10. Cut-off filter with λC = 310nm.
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Figure I-5: 77 K phosphorescence calibration curve of P34T in n-heptane. Measurements were
made using maximum excitation (283 nm) and emission (501 nm) wavelengths; excitation and
emission band-pass = 4nm, delay= 0.04 ms, gate = 9ms, number of excitation pulses per data
point = 10. Cut-off filter with λC = 310nm.
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Figure I-6: 77 K phosphorescence calibration curve of P43T in n-heptane. Measurements were
made using maximum excitation (274 nm) and emission (481 nm) wavelengths; excitation and
emission band-pass = 4nm, delay= 0.04 ms, gate = 9ms, number of excitation pulses per data
point = 10. Cut-off filter with λC = 310nm.

160

Figure I-7: 77 K phosphorescence calibration curve of P910T in n-heptane. Measurements were
made using maximum excitation (262 nm) and emission (482 nm) wavelengths; excitation and
emission band-pass = 4nm, delay= 0.04 ms, gate = 9ms, number of excitation pulses per data
point = 10. Cut-off filter with λC = 310nm.
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APPENDIX J: 4.2 K CALIBRATION CURVES OF PHENANTHROTHIOPHENES RECORDED WITH PULSED LAMP
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Figure J-1: 4.2 K phosphorescence calibration curve of P12T in n-octane. Measurements were
made using maximum excitation (275 nm) and emission (514 nm) wavelengths; excitation and
emission band-pass = 4nm, delay= 0.04 ms, gate = 9ms, number of excitation pulses per data
point = 10. Cut-off filter with λC = 310nm.

163

Figure J-2: 4.2 K phosphorescence calibration curve of P21T in n-octane. Measurements were
made using maximum excitation (262 nm) and emission (486 nm) wavelengths; excitation and
emission band-pass = 4nm, delay= 0.04 ms, gate = 9ms, number of excitation pulses per data
point = 10. Cut-off filter with λC = 310nm.
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Figure J-3: 4.2 K phosphorescence calibration curve of P23T in n-octane. Measurements were
made using maximum excitation (288 nm) and emission (546 nm) wavelengths; excitation and
emission band-pass = 4nm, delay= 0.04 ms, gate = 9ms, number of excitation pulses per data
point = 10. Cut-off filter with λC = 310nm.
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Figure J-4: 4.2 K phosphorescence calibration curve of P32T in n-octane. Measurements were
made using maximum excitation (287 nm) and emission (530 nm) wavelengths; excitation and
emission band-pass = 4nm, delay= 0.04 ms, gate = 9ms, number of excitation pulses per data
point = 10. Cut-off filter with λC = 310nm.
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Figure J-5: 4.2 K phosphorescence calibration curve of P34T in n-heptane. Measurements were
made using maximum excitation (284 nm) and emission (501 nm) wavelengths; excitation and
emission band-pass = 4nm, delay= 0.04 ms, gate = 9ms, number of excitation pulses per data
point = 10. Cut-off filter with λC = 310nm.
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Figure J-6: 4.2 K phosphorescence calibration curve of P43T in n-heptane. Measurements were
made using maximum excitation (275 nm) and emission (480 nm) wavelengths; excitation and
emission band-pass = 4nm, delay= 0.04 ms, gate = 9ms, number of excitation pulses per data
point = 10. Cut-off filter with λC = 310nm.
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Figure J-7: 4.2 K phosphorescence calibration curve of P910T in n-heptane. Measurements
were made using maximum excitation (262 nm) and emission (480 nm) wavelengths; excitation
and emission band-pass = 4nm, delay= 0.04 ms, gate = 9ms, number of excitation pulses per data
point = 10. Cut-off filter with λC = 310nm.
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APPENDIX K: 77 K EXCITATION AND TIME-RESOLVED SPECTRA OF
PHENANTHRO-THIOPHENES RECORDED WITH PULSED LAMP
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Figure K-1: 77 K excitation and time-resolved phosphorescence spectra of 250 ng.mL-1 P12T,
recorded with the pulsed lamp from pure standards in n-octane. Delay time = 0.04 ms; gate time
= 9 ms. Excitation and emission band-pas was 4 nm. Spectra were recorded with the aid of the
fiber optic probe.
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Figure K-2: 77 K excitation and time-resolved phosphorescence spectra of 1000 ng.mL-1 P21T,
recorded with the pulsed lamp from pure standards in n-octane. Delay time = 0.04 ms; gate time
= 9 ms. Excitation and emission band-pas was 4 nm. Spectra were recorded with the aid of the
fiber optic probe.
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Figure K-3: 77 K excitation and time-resolved phosphorescence spectra of 350 ng.mL-1 P23T,
recorded with the pulsed lamp from pure standards in n-octane. Delay time = 0.04 ms; gate time
= 9 ms. Excitation and emission band-pas was 4 nm. Spectra were recorded with the aid of the
fiber optic probe.
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Figure K-4: 77 K excitation and time-resolved phosphorescence spectra of 150 ng.mL-1 P32T,
recorded with the pulsed lamp from pure standards in n-octane. Delay time = 0.04 ms; gate time
= 9 ms. Excitation and emission band-pas was 4 nm. Spectra were recorded with the aid of the
fiber optic probe.
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Figure K-5: 77 K excitation and time-resolved phosphorescence spectra of 150 ng.mL-1 P34T,
recorded with the pulsed lamp from pure standards in n-heptane. Delay time = 0.04 ms; gate time
= 9 ms. Excitation and emission band-pas was 4 nm. Spectra were recorded with the aid of the
fiber optic probe.
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Figure K-6: 77 K excitation and time-resolved phosphorescence spectra of 100 ng.mL-1 P43T,
recorded with the pulsed lamp from pure standards in n-heptane. Delay time = 0.04 ms; gate time
= 9 ms. Excitation and emission band-pas was 4 nm. Spectra were recorded with the aid of the
fiber optic probe.
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Figure K-7: 77 K excitation and time-resolved phosphorescence spectra of 150 ng.mL-1 P910T,
recorded with the pulsed lamp from pure standards in n-heptane. Delay time = 0.04 ms; gate time
= 9 ms. Excitation and emission band-pas was 4 nm. Spectra were recorded with the aid of the
fiber optic probe.
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APPENDIX L: 4.2 K EXCITATION AND TIME-RESOLVED SPECTRA OF
PHENANTHRO-THIOPHENES RECORDED WITH PULSED LAMP
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Figure L-1: 4.2 K excitation and time-resolved phosphorescence spectra of 250 ng.mL-1 P12T,
recorded with the pulsed lamp from pure standards in n-octane. Delay time = 0.04 ms; gate time
= 9 ms. Excitation and emission band-pas was 4 nm. Spectra were recorded with the aid of the
fiber optic probe.
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Figure L-2: 4.2 K excitation and time-resolved phosphorescence spectra of 1000 ng.mL-1 P21T,
recorded with the pulsed lamp from pure standards in n-octane. Delay time = 0.04 ms; gate time
= 9 ms. Excitation and emission band-pas was 4 nm. Spectra were recorded with the aid of the
fiber optic probe.

180

Figure L-3: 4.2 K excitation and time-resolved phosphorescence spectra of 350 ng.mL-1 P23T,
recorded with the pulsed lamp from pure standards in n-octane. Delay time = 0.04 ms; gate time
= 9 ms. Excitation and emission band-pas was 4 nm. Spectra were recorded with the aid of the
fiber optic probe.
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Figure L-4: 4.2 K excitation and time-resolved phosphorescence spectra of 150 ng.mL-1 P32T,
recorded with the pulsed lamp from pure standards in n-octane. Delay time = 0.04 ms; gate time
= 9 ms. Excitation and emission band-pas was 4 nm. Spectra were recorded with the aid of the
fiber optic probe.
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Figure L-5: 4.2 K excitation and time-resolved phosphorescence spectra of 150 ng.mL-1 P34T,
recorded with the pulsed lamp from pure standards in n-heptane. Delay time = 0.04 ms; gate time
= 9 ms. Excitation and emission band-pas was 4 nm. Spectra were recorded with the aid of the
fiber optic probe.
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Figure L-6: 4.2 K excitation and time-resolved phosphorescence spectra of 100 ng.mL-1 P43T,
recorded with the pulsed lamp from pure standards in n-heptane. Delay time = 0.04 ms; gate time
= 9 ms. Excitation and emission band-pas was 4 nm. Spectra were recorded with the aid of the
fiber optic probe.
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Figure L-7: 4.2 K excitation and time-resolved phosphorescence spectra of 150 ng.mL-1 P910T,
recorded with the pulsed lamp from pure standards in n-heptane. Delay time = 0.04 ms; gate time
= 9 ms. Excitation and emission band-pas was 4 nm. Spectra were recorded with the aid of the
fiber optic probe.
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APPENDIX M: HIGH PERFORMANCE LIQUID CHROMATOGRAPHY
FLUORESCENCE (HPLC-FL) DETECTION CALIBRATION CURVES OF
POLYCYCLIC AROMATIC SULFUR HETEROCYCLES IN 100%
ACETONITRILE MOBILE PHASE FOR SORPTION EXPERIMENT
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Figure M-1: HPLC-FL detection calibration curve of DBT in 100% acetonitrile. Measurements
were made using optimum excitation (286 nm) and emission (342 nm) wavelengths in 100%
acetonitrile mobile phase at a flow rate of 1.5 mL/min.
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Figure M-2: HPLC-FL detection calibration curve of BbN12T in 100% acetonitrile.
Measurements were made using optimum excitation (264 nm) and emission (352 nm)
wavelengths in 100% acetonitrile mobile phase at a flow rate of 1.5 mL/min.
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Figure M-3: HPLC-FL detection calibration curve of BbN23T in 100% acetonitrile.
Measurements were made using optimum excitation (274 nm) and emission (376 nm)
wavelengths in 100% acetonitrile mobile phase at a flow rate of 1.5 mL/min.
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Figure M-4: HPLC-FL detection calibration curve of BbN21T in 100% acetonitrile.
Measurements were made using optimum excitation (277 nm) and emission (366 nm)
wavelengths in 100% acetonitrile mobile phase at a flow rate of 1.5 mL/min.
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APPENDIX N: HIGH PERFORMANCE LIQUID CHROMATOGRAPHY
FLUORESCENCE (HPLC-FL) DETECTION CALIBRATION CURVES OF
RERENCE COMPOUNDS AND TWO STUDIED POLYCYCLIC
AROMATIC SULFUR HETEROCYCLES IN 85% METHANOL/15%
WATER (V/V) MOBILE PHASE FOR LOG KOW EXPERIMENT

191

Figure N-1: HPLC-FL detection calibration curve of BbT in 85% methanol/15% water.
Measurements were made using optimum excitation (285 nm) and emission (310 nm)
wavelengths in 85% methanol/15% water mobile phase at a flow rate of 1.0 mL/min.
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Figure N-2: HPLC-FL detection calibration curve of 2mBbT in 85% methanol/15% water.
Measurements were made using optimum excitation (278 nm) and emission (310 nm)
wavelengths in 85% methanol/15% water mobile phase at a flow rate of 1.0 mL/min.

193

Figure N-3: HPLC-FL detection calibration curve of Flu in 85% methanol/15% water.
Measurements were made using optimum excitation (252 nm) and emission (320 nm)
wavelengths in 85% methanol/15% water mobile phase at a flow rate of 1.0 mL/min.
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Figure N-4: HPLC-FL detection calibration curve of DBT in 85% methanol/15% water.
Measurements were made using optimum excitation (286 nm) and emission (342 nm)
wavelengths in 85% methanol/15% water mobile phase at a flow rate of 1.0 mL/min.
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Figure N-5: HPLC-FL detection calibration curve of BbN12T in 85% methanol/15% water.
Measurements were made using optimum excitation (264 nm) and emission (352 nm)
wavelengths in 85% methanol/15% water mobile phase at a flow rate of 1.0 mL/min.
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Figure N-6: HPLC-FL detection calibration curve of BbN23T in 85% methanol/15% water.
Measurements were made using optimum excitation (274 nm) and emission (376 nm)
wavelengths in 85% methanol/15% water mobile phase at a flow rate of 1.0 mL/min.
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Figure N-7: HPLC-FL detection calibration curve of BbN21T in 85% methanol/15% water.
Measurements were made using optimum excitation (277 nm) and emission (366 nm)
wavelengths in 85% methanol/15% water mobile phase at a flow rate of 1.0 mL/min.
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APPENDIX O: HIGH PERFORMANCE LIQUID CHROMATOGRAPHY
FLUORESCENCE (HPLC-FL) DETECTION CALIBRATION CURVES OF
RERENCE COMPOUNDS IN 95% METHANOL/5% WATER (V/V)
MOBILE PHASE FOR LOG KOW EXPERIMENT
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Figure O-1: HPLC-FL detection calibration curve of BaP in 95% methanol/5% water.
Measurements were made using optimum excitation (384 nm) and emission (505 nm)
wavelengths in 95% methanol/5% water mobile phase at a flow rate of 1.0 mL/min.
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Figure O-2: HPLC-FL detection calibration curve of DB[a,h]A in 95% methanol/5% water.
Measurements were made using optimum excitation (297 nm) and emission (395 nm)
wavelengths in 95% methanol/5% water mobile phase at a flow rate of 1.0 mL/min.
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Figure O-3: HPLC-FL detection calibration curve of I[1,2,3-cd]P in 95% methanol/5% water.
Measurements were made using optimum excitation (377 nm) and emission (505 nm)
wavelengths in 95% methanol/5% water mobile phase at a flow rate of 1.0 mL/min.
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